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Preface 


This  investigation  was  carried  oat  at  the  Aeronautical  Research 
Laboratory  under  the  sponaorahlp  of  Dr.  Hans  Ton  Ohaln.  His  en thus lata 
and  guidance  served  to  further  oar  Interest  and  render  enjoyable  our 
work  in  the  field  of  electro-fluid  dynamic  energy  conversion. 

The  electrohydrodynamic  generator  used  in  this  study  was  designed 
and  built  by  the  A3L  for  the  purpose  of  preliminary  studies  in  this 
subject.  The  DC  characteristics  of  the  generator  were  previously  in¬ 
vestigated  by  Lauritsen  and  Wheeler  and  since  our  work  was  primarily 
experimental  their  reports  were  extremely  valuable  in  helping  us  to 
understand  and  use  the  generator.  The  operation  of  this  device  as  an  al¬ 
ternating  current  generator  had  not  been  done  before,  nor,  to  our  know¬ 
ledge,  had  any  theoretical  or  experimental  work  with  AC  been  attempted 
in  the  field  of  KD  power  generation,  the  uniqueness  of  this  study 
coupled  with  the  fact  that  this  generator  was  never  intended  as  a  prac¬ 
tical  device  precludes  the  use  of  our  numerical  results  for  anything 
other  than  an  indication  of  trends.  Our  data  should  therefore  not  be 
examined  out  of  context. 

We  wish  to  acksowledgs  with  gratitude  the  guidance  and  assistance 
given  us  throughout  this  study  by  our  thesis  advisor  Maj.  Richard  C. 
Vingeraon.  His  interest  and  helpful  co-operation  lightened  our  task 
considerably.  Further  we  are  indebted  to  Capt.  Matthew  Kabrisky  for  his 
advice  in  electronic  natters  and  in  perticular  for  his  help  during  the 
design  of  the  high-voltage  alternating  power  source.  Our  appreciation 
goes  also  to  Mr.  Michael  Haw98  and  a  great  many  others  of  the  ASL  whose 
co-operation  and  assistance  proved  invaluable. 

J.  Paul  Sutherland  11 


John  W.  Storr 


GA/Phys/63-11,  12 

Contents 

Page 

Preface .  il 

* 

List  of  Figures . Vi 

*  List  of  Tables .  X 

List  of  Symbols . Xi 

Abstract . XiV 

I.  Introduction .  1 

Background .  1 

Principle  of  Operation  of  the  Electrohydrodynamic 

Generator  .  2 

Purpose  and  Scope  of  the  Investigation.  .  .  5 

II.  Description  of  the  Apparatus . 9 

The  Electro hydrodynamic  Generator  .  9 

General  Description .  9 

Ionization  Region.  .  .  9 

Transport  Region  .  10 

Neutralisation  Region.  .  . . 10 

Other  Equipment . 10 

High-Voltage  Alternating  Power  Source . 13 

Load  Resistance . 13 

Air  Supply . 13 

Instrumentation.  . . 13 

III.  Theoretical  Considerations.  . . 17 

Assumptions  .  . .  17 

Selection  of  Operating  Parameters  .  18 

Needle  Configuration . 18 

Reservoir  Pressure,  P0 . * .  18 

Transport  Distance,  L  . .  19 

Attractor  Voltage.,  Va .  19 

,  Load  Resistance,  R^ .  19 

Output  Voltage,  V0. .  19 

Output  Voltage  Prediction  .  20 

i  Differential  Equation  of  the  Generator .  21 

Sine  wave  Input  .  . .  21 

Square  Wave  Input .  22 

Step  (Exponential)  Input .  23 


iii 


GA/Pbjrs/63-11,  12 


Contents 


**€• 


loa  Transport  Phenomena . .  24 

Turbulence  in  Fluid  Plow .  24 

Ion  Diffusion .  25 

Interface  Mixing .  25 

Ion  Current  Build-up  Time .  25 

Maximum  Operating  Frequency  of  the  Generator  .  26 

Maximum  Frequency  from  Ion  Flow  .  . .  26 

Maximum  Frequency  from  Output  Capacitance  •  .  28 

Self -Sustained  Oscillation  . . 28 

IT.  feperimental  Scope  and  Procedure .  31 

Direct  Current  Characteristics  .  .  31 

Scope .  31 

Procedure  . .  32 

Peak  Output  Voltage  Characteristics .  32 

Scope .  32 

Procedure .  32 

BMS  Output  Voltage  Characteristics  .  ...  33 

Scope .  33 

Procedure  . . 34 

Output  Voltage  for  Step  Input .  34 

Scope .  34 

Procedure .  35 

Output  Voltage  for  Biased  Alternating  Input . 35 

Scope . 35 

Procedure  .......  .  .  .  36 

7.  Results  and  Discussion  . . 37 

Experimental  Error  .  37 

Direct  Current  Characteristics  .  38 

Spread  of  Data . 38 

Comparison  with  Previous  Experiment  ........  42 

Peak  Output  Voltage  Characteristics . 43 

Comparison  with  DC  Results .  43 

Effect  of  Load  Resistance  . .  47 

Effect  of  Frequency  . .  47 

SMS  Output  Voltage  Characteristics  ...........  47 

Comparison  with  Peak  Output  Voltage  Results  ....  58 

Effect  of  Load  Resistance .  60 

Effect  of  Frequency . 60 

Comparison  of  Square  and  Sine  Vave  Results .  61 

Output  Power  Charact eristics  .  62 

Effect  of  Load  Resistance .  62 

Effect  of  Frequency .  67 


4 


r 


t 


It 


GA/Phys/63-11,  12 


Contents 

Page 


T  Comparison  of  Square  and.  Sine  Ware  Powers. .  67 

Output  Power  Characteristics .  67 

Input  Power  Batio .  69 

Output  Power  Batio .  70 

Output  Ware  Shape .  70 

Comparison  of  Actual  and  Predicted  Sine 

Ware  Outputs.  .  . . . . .  .  75 

Comparison , of  Actual  and  Predicted  Square 

Ware  Outputs.  .  .  t . . . .  78 

Comparison  of  Actual  and  Predicted  Step  Junction 

Outputs .  80 

Unusual  Ware  Shapes  . .  84 

Output  Voltage  for  Step  Input .  84 

Determination  of  Input  and  Output  Time  Constants 

and  Output  Capacitance .  84 

Effect  of  Exponential  Input  .  86 

Time  to  Beach  Ionisation  Potential .  86 

Trsuisit  Time . . .  88 

Output  Voltage  for  Biased  Alternating  Inputs .  88 

Determination  of  Output  Capacitance  and  Roll-off 

frequency  . .  88 

Comparison  of  frequency  and  Ware  Shape  with 

Unbiased  Input. . 90 

VI.  Conclusions . 93 

VI I .  .  Be  commendat  ions .  96 

Bibliography  . . 98 

Appendix  A:  High-Voltage  Alternating  Power  Source  Specifications 

and  Design .  99 

Appendix  B:  Prediction  of  Output  Voltages  for  Selected  Input 

*  Voltages. . 102 

I  Appendix  C:  flow  Parameters  in  the  Transport  Region . .  115 

Appendix  D:  Generator  Self -Sustained  Oscillation  Calculations  .  118 

Appendix  2:  Sine  Wave:Square  Wave  Power  Calculations .  120 

Appendix  P:  Original  Experimental  Data .  123 

Appendix  0:  Complete  Engineering  Drawings  of  the  3iD  Generator.  133 

Vitae .  139 


▼ 


GA/Phys/63-11,  12 


list  of  Tlanrea  | 

figure  Pace 

1  The  2ID  Power  Generation  Proceaa . 4 

2  The  SID  Generator . . 7 

3  Pull  Size  Sectional  Side  View  of  the  ED  Generator . 8 

4  The  Brperimental  Apparatus . 11 

5  Schematic  of  the  Experimental  Apparatus . 12 

6  The  Load  Resistance . 14 

7  The  Load  Real  stances  .  . . 15 

8  Schematic  of  the  Slectrical  Model  of  the  SB 

Generator . 21 

9  Hegative  Ion  Direct  Current  Characteristic  .  39 

10  Positive  Ion  Direct  Current  Characteristic  .  40 

11  Average  Direct  Current  Characteristics . 41 

12  Peak  Voltage  Characteristics  (3^=  50  megohms) . 44 

13  Peak  Voltage  Characteristics  (3^*  100  megohms) . 45 

14  Peak  Voltage  Characteristics  (Bl  *  200  megohms) . 46 

15  BMS  Voltage  Characteristics  for  Sine  Wave  Input 

(BL* 50  megohms).  . . 48 

16  BMS  Voltage  Characteristics  for  Sine  Wave  Input 

(B^a  100  megohms)  . . 49 

17  BMS  Voltage  Characteristics  for  Sine  Wave  Input 

(B^*  200  megohms) . 50 

18  BMS  Voltage  Characteristics  for  Square  Wave  Input 

(8^*50  megohms).  . . 51 

vi 


4 


* 

» 


<Ut/Phy«/63-ll.  12 

19  HMS  Voltage  Characteristic*  for  Square  Wave  Input 

(Bj  =  100  Bagohm) . 52 

20  HMS  Voltage  Characteristic*  for  Square  W»Te  Input 

t 

(5^=200  megohms). . 53 

1  21  gffect  of  Frequency  on  Output  Voltage  for  Sin# 

Ware  Input . . .  5^ 

22  affect  of  Load  Heeiatanee  on  Output  Voltage  for 

Sine  Ware  Input  . .  55 

23  Effect  of  Frequency  on  Output  Voltage  for  Square 

Ware  Input . . .  56 

24  affect  of  Load  Heeiatanee  on  Output  Voltage  for 

Square  Ware  Input . 57 

25  DC  Character! et ice  Showing  Bange  of  Va  for  Kink  in 

Sinusoidal  Voltage  Characteristics .  59 

26  Output  Power  Characteristic*  for  Sine  *a re  Input .  63 

2?  Output  Power  Characteristic*  for  Square  Ware  Input.  ...  64 

28  affect  of  Load  Heeiatanee  on  Output  Power  for  Sine 

Ware  Input . 65 

29  Effect  of  Load  Resistance  on  Output  Power  for  Square 

Wave  Input .  ^ 

30  Comparison  of  Output  Powers  for  Sine  and  Square  Ware 

»  Inputs . . 

31  Oscilloscope  Photographs  Showing  Change  of  Output  Ware 
I 

Shape  with  Frequency-Sine  Ware  Input .  71 

32  Oscilloscope  Photographs  Showing  Change  of  Output  Ware 

Shape  with  Frequency -Square  Ware  Input.  . .  72 

ril 


QA/Pbys/63-11,  12 

33  Oscilloscope  Photographs  Showing  Change  of  Output  Van 

Shape  with  Attractor  Voltage-Sine  Ware  Input .  73 

34  Oscilloscope  Photographs  Shoving  Change  of  Oatpat  Wave 


Shape  with  Attractor  Voltage-Square  Wave  Input.  ....  74 

35  Oscilloscope  Photographs  Shoving  Output  Wave  Shapes 

Used  for  Conparison  vith  Predicted  Output  Wave  Shapes  .  76 

36  Oatpat  Wave  Shape  for  Sine  Vara  Input  .........  77 

37  Oatpat  Vave  Shape  for  Square  Vave  Input . 79 

38  Oscilloscope  Photographs-Step  Input .  81 

39  Oatpat  Vave  Shape  for  Step  (JBsponential)  Input .  82 

40  Oscilloscope  Photographs  Shoving  Unusual  Output  Vave 

Shapes  for  Squars  Wave  Input.  . .  83 

41  Variation  of  Attractor  and  Output  Voltages  vith  Time 

for  Step  Input . 85 

42  Effect  of  Szponential  Input  on  Output  Voltage .  9? 

43  Attenuation  of  Output  Voltage  vith  Frequency  for  Fixed 

Biased  Input . 89 

44  Oscilloscope  Photographs  Shoving  Variation  of  Output 

Vave  Shape  vith  Frequency  for  Biased  Sine  Vave  Input.  .  91 


45  Conparison  of  Output  Vave  Shapes  for  Biased  and  Unbiased 


Sine  Vave  Inputs . . .  92 

A1  The  High-Voltage  Pover  Source . 100 

A2  The  High-Voltage  Pover  Scource  vith  Plexiglass  Covsr 

in  Place.  . 101 


D1  Schematic  of  Self -Sustained  Oscillation  Circuit  ....  118 


V 

V 


vili 


Qt/Fhjra/63-11,  12 

n 


Theoretical  Calculation  of  Batio  of  Sina  Vara  Output 
Power  to  Square  Vara  Output  Power . 


OA./Phym/63-ll,  12 


'I 


list  of  Tables 

Table  Page 

I  I0  Coefficients  for  Output  Voltage  Prediction 

for  Sine  Wave  Input  .....  .  107 

II  Computer  Data-Predicted  Output  Voltage  for  Values  of 

Phase  Angle  for  Sine  Wave  Input .  108 

III  Predicted  Output  Voltage  for  Square  Wave  Input .  Ill 

IV  Predicted  Output  Voltage  for  Step  Input .  114 

V  Peak-to-Peak  Output  Voltage  Data  for  a  Sine  Wave  Input.  124 

VI  Direct  Current  Characteristic  Data  (Bj,*  100  segohms).  .  125 

VII  Output  Voltage  Data  for  Step  Input . .  127 

VIII  Output  Voltage  for  Biased  Sine  Wave  Input . 128 

IX  BMS  Output  Voltage  Data  for  a  Sine  Wave  Input . 129 

X  HKS  Output  Voltage  Data  for  a  Square  Wave  Input . 130 

XI  Power  Calculations.  . .  131 

V 

V 


X 


“»  m" 


Ol/yhys/63-U,  12 


lisl  9 1  iafeali 


Symbol 

Co 

Ct 

M 


Generator  output  capacitance 
Tank  circuit  capacitance 
Electric  field  strength 
SLectric  field  strength  at  x 
llectric  field  strength  at  x 
Ion  or  output  current 
Current  density 
Ion  nobility  at  STP 
Length  of  transport  region 
Inductance  of  tank  coil 
Mach  number 
dir  pressure 
Output  power 
Stagnation  air  pressure 
Bfficiency  of  inductor 
Qas  constant 
Load  resistance 
Oensrator  input  tine  constant 
Resonant  resistance 
Air  temperature 
Stagnation  air  temperature 
Attractor  voltage 


Units 

farads  or  pfd 
farads  or  pi 
volts/n 
volts/n 

non-dimensional 
amps  or  pa 
non-dimensional 
m2/Tolt-seo 
■  or  in. 
henries 

psia 

watts 

psia  or  psig 


Ibf-ft/lbm-°H 
ohms  or  megohms 
sec  or  msec 
ohms  or  megohms 
°F  or  °S 
°»  or  °S 
volts  or  kv 


OA/Hjys/63-H.  12 


▼f 

*o 

*t 

e 

f 

*L 

fE 

k 

t 

*r 

u 

X 

X 

Y 

P 

po 

pi 

u> 

L 

R 

T 

a 

f 


Fluid  relocity 
Output  voltage 
Ion  transit  velocity 
Telocity  of  sound 
Frequency 
Limiting  frequency 
Roll-off  frequency 
Zon  nobility 
Tine 

Ion  transit  time 

Ion  drift  velocity 

Distance  alone  transport  region 

Distance  along  transport  region 

Ratio  of  specific  heats 

Air  density 

Stagnation  air  density 

Air  density  at  STP 

Angular  frequency 

Subscripts 
Load  or  limiting 
Rolloff 
Transit 
Attractor 
Fluid 


■/sec  or  fps 
▼olts  or  kT 
a/sec  or  fps 
■/sec  or  fps 
cps  or  ko/s 
cps 
cps 

n2/ volt-sec 
sec 

sec  or  nsec 
■/sec  or  fps 
■  or  in. 
non-dinsnsional 

lbm/ft3 

lbm/ft3 

lb«/ft3 


ft 

? 


* 

k 


Xil 


GA/Fhy»/63-ll,  12 
i  Input 

e  Output  or  stagnation 

■ax  Maximum 

r  Transit 

t  Tank  circuit 

x  Arbitrary  station  in  transport  region 


xiii 


GA/Phys/ 63-11,  12 


% 


Attract 

The  elect rohydrodynemic  generator  investigated  transforms  kinetic 
energy  from  a  high  Telocity  airstream  into  recoyera'ble  electrical  energy 
'by  transporting  corona  discharge  ions  against  an  electric  field.  The¬ 
oretical  and  experimental  investigations  of  the  electrical  characteristics 
of  the  generator  were  conducted  for  alternating  inpats.  The  feasibility 
of  alternating  current  power  generation  was  demonstrated,  optimum  input 
wave  shape  and  ranges  of  load  resistance  and  frequency  determined,  and 
self -sustained  oscillation  hypothesized.  The  output  capacitance  of  the 
generator  proved  to  he  the  limiting  factor  in  the  experimentation.  Further 
investigation,  particularly  with  a  biased  alternating  input,  on  a  generator 
designed  specifically  for  alternating  current  operation  is  recommended. 
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■JOfBOEnBODTIAMZO  OflnOUIOH  VQft  il  JUUattTXK  HFH 


The  ilea  of  a  mean*  of  olootriaal  power  generation  "bjr  direct  energy 
conversion  it  a  noet  attractive  one.  In  a  direct  energy  conrereioa 
pro cast,  electrical  energy  la  obtained  directly  fron  the  primary  source 
with  no  intervening  neehanioal  apparatus.  With  such  a  process,  one 
would  expect  to  he  able  to  increase  the  efficiency  and  reliability  and 
reduce  the  weight  and  cost  compared  with  conventional  power  generation 
processes.  XLectro-fluid  dynaaic  energy  conversion,  which  extracts 
electrical  energy  directly  fron  the  energy  of  a  flowing  fluid,  offers 
these  advantages. 

These  advantages  would  he  especially  significant  in  a  space  appli¬ 
cation  of  electro-fluid  dynaaic  energy  conversion  where  fluid  dynaaic 
energy  is  available  fron  a  there odynaaic  cycle  (Bef  3^)>  This  type  of 
process,  however,  has  received  very  little  study  to  date.  Considerably 
■ore  effort  has  been  expended  on  investigations  of  nagnetohydrodyasnle 
power  generation,  since  it  appears  that  high  efficiencies  oan  be 
achieved  nuoh  sore  readily  than  with  electrohydrodynsnic  (or  B9)  power 
generation. 
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The  Aeronautical  Research  laboratory,  recognising  the  need  for  a 
study  of  the  possibilities  of  SB  power  generation,  published,  in  1961, 
a  report  by  Lawson,  Ton  Chain,  and  Wattendorf  (Ref  3) ,  which  pointed  . 

oat  the  performance  potentialities  of  SB  energy  conversion  and  out- 
lined  specific  areas  requiring  research. 

The  MB  generator  need  in  this  aad  previous  studies  was  designed 
by  Ton  Qhain  in  I960.  Wheeler  and  Laoritsea  (Refs  7  «ad  2)  established 
the  faaaibility  of  power  generation  with  this  generator  aad  arrived  at 
a  Maher  of  conclusions  regarding  its  optima  operation.  They  also 
determined  that  power  can  be  generated  using  either  positive  or  neg*» 
tive  ions.  This  fact  inn ed lately  suggested  that  the  generation  of 
alternating  current  power  should  be  attempted.  The  study  described  in 
this  report  grew  out  of  the  findings  and  recommendations  of  Wheeler 
(Ref  7:75)  •  Laoritsen  (Ref  2:34) ,  and  Imwson,  Ton  Qhain  and  Wattendorf 
(Ref  3:13)  aad  is  one  phase  of  the  Aeronautical  Research  Laboratory 
program  on  electro-fluid  dynamic  energy  oonversion. 

The  Principle  of  Operation  of  the  Hectrohydrodmanlc  generator 

The  operation  of  an  SBB  generator  it  analogous  to  that  of  a 
Tan  ds  Graaff  generator  except  that,  in  lieu  of  charges  being  moved 
by  an  endless  belt,  they  are  transported  by  a  flowing  fluid.  The 
chargee  move  with  a  velocity  leee  than  that  of  the  fluid,  whereas,  in 
the  Tan  de  Graaff  machine,  the  charges  mows  with  the  same  velocity  as  \ 

the  belt.  The  SB  generator  converts  the  energy  of  the  flowing  fluid 
into  electrioel  energy  in  three  steps: 

1*  Zone  or  charged  particles  are  injected  into  the  fluid. 
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2*  Kinetic  energy  la  transferred  from  the  neutral  molecule* 
la  the  flow  to  the  loos  or  eharcoA  part lei *a. 

3»  She  kinetic  energy  of  the  Ions  or  ohartet  partial aa  la 
recovered  aa  electrical  energy. 

She  proeeea  la  illustrated  in  figure  1. 

Charge  separation  or  Ion  production  nay  ha  acoongllshsd  in  a 
variety  of  ways: 

1.  Corona  discharge. 

2.  Ionising  radiation. 

3.  Thermal  radiation. 

4.  Direct  injection  of  charged  particles. 

In  the  generator  used  in  the  study,  ions  are  produced  hy  corona  dis¬ 
charge,  the  action  of  a  high  electrio  field  at  the  point  of  ionisation. 
The  ions  are  then  swept  downstream,  through  the  insulating  channel  By 
the  neutral  fluid  particles. 

The  transfer  of  energy  to  the  ohargad  particles  nay  ha  accomplished 
in  two  ways  (Eef  3:9): 

1,  By  transporting  them,  through  viscous  Interaction  with 
neutral  fluid  molecules,  against  the  electric  field  hetweaa 
the  planes  of  ionisation  and  neutralisation. 

2.  By  transforming  the  fluid  energy  into  kinetic  energy  of 
high  speed  particles  of  suitable  nass  which  are  then  forced 
along  a  Ballistic  path  against  an  electrostatic  field. 

The  generator  studied  makes  use  of  the  foraer  method  with  air  as  a 
working  fluid.  The  ions  gain  mo man turn  and  energy  through  collieione  with 
neutral  aolecules  and  tend  to  aovo  downstream  with  the  flow  throqgh  the 
transport  region.  3 
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The  Iona  are  deposited  oa  a  collector  or  electrode  which  la 
electrically  connected  to  ground  through  a  load  reaiatance*  Thla 
deflnea  the  plane  of  neutralisation.  The  'build-up  of  charges  on  the 
eollector  creates  a  potential  difference  acroaa  the  load  reaiatance 
causing  a  neutralising  current  to  flow  through  it. 

In  order  to  realise  a  net  electrical  power  gain.  It  ia  necessary 
for  energy  to  he  transferred  froa  the  large  nuaiber  of  neutral  partioles 
in  the  flow  to  the  analler  n usher  of  charged  particles  (Ref  3:8).  The 
potential  on  the  eollector  and  the  apace  charge  of  the  ions  thenaalres 
in  the  transport  region  result  in  an  electric  field  against  which  the 
ions  are  forced  to  more.  The  action  of  the.  electric  field  on  the  Iona 
results  in  a  slippage  or  difference  in  Telocity  between  the  charged  and 
neutral  particles  in  the  flow.  Obviously,  in  order  to  aahiere  an  eleo- 
trical  output,  the  slippage  or  drift  Telocity  between  the  iona  and  aole- 
eules  aust  be  less  than  the  flow  Telocity  of  the  uncharged  molecules. 

The  power  output  of  the  generator,  which  ia  realised  by  the  flow 
of  neutralisation  current  through  the  load  resistance,  la  equal  to  the 
rate  at  which  the  fluid  doea  work  in  transporting  the  ions  downstream 
a^piinat  the  electric  field  in  the  transport  region  (Baf  5:1). 

Purpose  and  Scope  of  the  Investigation 

The  purpose  of  the  study  was  to  examine  the  behaviour  of  an  KD 
generator,  whose  DC  characteristics  were  known,  in  the  generation  of 
alternating  current  power  and  to  determine  the  feasibility  of  salf- 
sustalned  oscillation,  Toltage  transformation  and  amplification  with 
the  generator. 

Tha  generator  used  in  the  etudy  was  a  prototype  model,  built  under 
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Project  Ho.  7116-03  of  the  Aeronautical  Research  Laboratory  of  the 
Office  of  Aerospace  Research,  USiT.  As  pointed  out  in  the  preface,  the 
generator  is  a  research  model  and  the  results  presented  in  the  report 
are  significant  only  in  so  far  as  they  indicate  trends. 

The  meanings  of  the  terms  self-sustained  oscillation,  voltage  trans¬ 
formation  and  amplification  are  analagous  to  their  meanings  in  a  conven¬ 
tional  electronic  sense.  Oscillation  implies  the  feed-back  of  a  portion 
of  the  electrical  output  to  the  input  so  that  the  generator  will  operate 
continuously  with  no  external  source  of  energy  other  than  that  of  the 
working  fluid.  Transformation  implies  the  use  of  a  transformer  to  step 
down  the  output  voltage  of  the  generator  to  a  more  useable  level  with  a 
minimum  of  losses.  Amplification  implies  modulation  of  the  electrioal 
input  to  the  generator  with  an  eleotrioal  signal  and  detection  of  the 
amplified  signal  at  the  generator  output. 

The  study  incorporates  both  theoretical  and  experimental  aspects 
and,  where  possible,  experiment  has  been  correlated  with  theory.  Prom 
a  theoretical  point  of  view,  output  voltages  are  predicted,  for  specified 
operating  conditions,  for  sine  wave,  square  wave  and  step  inputs,  transit 
time  and  critical  frequencies  are  determined;  and  a  method  for  self- 
sustained  oscillation  is  postulated,  acperimen tally,  the  feasibility  of 
AC  power  generation  was  demonstrated,  output  voltage  and  power  character¬ 
istics  were  obtained  for  sine  wave  and  square  wave  inputs  at  certain  fre¬ 
quencies  and  using  certain  values  of  load  resistance,  and  the  input  and 
output  time  constants  of  the  generator  were  determined.  Further,  certain 
transient  phenomena  in  the  generator  were  examined,  and  a  cursory  invest¬ 
igation  of  the  operation  of  the  generator  with  a  combined  DC  sad  AC  input 


was  carried  out 
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FIGURE  3 
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n.  Description  Of  the  Apparatus 

The  experimental  apparatus  used,  in  this  study  consisted  of  an  ffiD 
generator,  a  high-voltage  alternating  power  source,  load  resistanees, 
a  high  pressure  air  supply,  and  the  necessary  instruaentation  for  re¬ 
cording  data.  Bach  of  these  in  described  below. 

The  Hectrohrdrodynaalc  Generator 

The  basic  principle  of  operation  of  an  ffiD  generator  is  discussed 
in  Chapter  I.  The  following  is  a  detailed  description  of  the  generator 
which  was  used  in  this  investigation. 

general  Description.  As  can  be  seen  in  Figure  2,  the  generator  is 
of  cylindrical  cros3-section  with  the  working  fluid  (air)  flowing  axi¬ 
ally  through  it.  It  is  aade  of  plexiglass  and  steel  with  an  outside 
diaaeter  of  inches  and  a  length  of  5  inches.  A  full  sise  sectional 
side  view  is  shown  in  Figure  3»  and  a  complete  set  of  engineering  draw¬ 
ings  is  given  in  Appendix  6.  For  the  purpose  of  its  description  the 
generator  may  be  conveniently  divided  into  three  principle  regions;  the 
ionisation  region,  the  transport  region,  and  the  neutralization  region. 

Ionisation  Begion.  Air  enters  the  generator  under  pressure  from  the 
reservoir  and  flows  through  a  square  array  of  25  holes  cut  through  a  mul¬ 
ti-layered  disc.  The  disc  is  composed  of  two  thin  layers  of  steel,  which 
serve  as  the  attractor  end  ground  plate  electrodes,  separated  by  layers 
of  plexiglass.  The  holes  in  the  disc  are  machined  in  the  shape  of  con¬ 
vergent-divergent  nozzles  and,  since  the  mass  flow  of  air  is  sufficiently 
high,  the  flow  through  the  nozzles  is  supersonic.  A  square  array  of  25 
steel,  corona  discharge  needles  is  mounted  such  that  each  needle  is  cen- 

tered  in  one  of  the  nozzles,  its  tip  being  in  the  same  plane  as  the  attrae- 
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tor  electrode.  A  high  voltage  input  signal  applied  to  the  attractor 
causes  high  intensity  electric  fields  to  form  at  the  points  of  the  grounded 
needles.  Corona  discharge  occurs  and  the  ions  thus  formed  are  Bwept  down¬ 
stream  by  the  air  flow  into  the  transport  region.  At  the  entrance  to  the 
transport  region,  the  ions  pas3  through  the  ground  plate  electrode.  This 
grounded  electrode  serves  to  shield  the  attractor  and  the  needles  from  the 
electric  fields  in  the  transport  region  and,  at  the  same  time,  provides  an 
end  point  for  the  electric  field  lines  in  that  region. 

Transport  Region.  The  transport  region  is  a  one-inch-square  plex¬ 
iglass  channel,  one-half  inch  in  length,  hounded  on  the  upstream  end  hy 
the  ground  plate  electrode  and  on  the  downstream  end  hy  the  collector  elec¬ 
trode.  It  is  in  this  region  that  energy  is  extracted  from  the  air  flow  as 
It  transports  the  ions  against  the  electric  field. 

Seutralization  Rggion.  As  the  ions  leave  the  transport  region  they 
pass  through  a  fine  steel  screen  fastened  to  the  upstream  end  of  a  square 
Bteel  tube  2^  inches  long  with  internal  neutralizing  surfaces.  These 
surfaces  consist  of  eight  steel  strips  running  longitudinally  in  the  tube 
and  intersecting  each  other  at  right  angles.  They  provide  25  flow  chan¬ 
nels,  each  of  which  has  an  approximate  length  to  diameter  ratio  of  10. 

This  tube  serves  as  the  collector  and  is  grounded  through  a  load  resist¬ 
ance.  As  each  ion  contacts  the  collector,  it  gives  up  its  charge  to 
become  a  neutral  air  molecule.  These  charges  accumulate  to  give  an  out* 
put  voltage  on  the  collector. 

Other  Equipment 

A  photograph  of  the  apparatus  is  shown  in  Figure  4,  and  a  schematic 
of  the  electrical  connections  is  given  in  Figure  5* 
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The  Experimental  Apparatus 
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FIGURE  5 

Schematic  of  the  Experimental  Apparatus 
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HLgh-Voitage  Alternating  Power  Source.  Before  a ay  work  could  Be  done 
on  the  SOD  generator.  It  was  necessary  to  design  and  Build  a  high-voltage 
AC  power  source.  Several  designs  were  postulated  until  one  which  could  Be 
Built  within  the  tine  and  funds  available  was  finally  chosen.  The  power 
source  which  was  used  consisted  of  a  single-stage,  high-gain  amplifier, 
powered  By  a  30  kv-10  ma  DC  power  supply  and  driven  By  low  voltage 
square  and  sine  wave  generators.  The  output  wave  shape  had  a  satisfactorily 
small  amount  of  distortion  in  the  frequency  range  from  10  to  100  cpe.  The 
complete  design  and  specifications  for  the  power  source  are  given  in 
Appendix  A. 

Load  Resistance.  Since  the  maximum  output  voltage  was  expected  to  Ba 
around  30,000  volts,  it  was  necessary  to  design  and  Build  a  special  load 
resistance  which  would  contain  this  voltage.  The  load  served  also  as  a 
voltage  divider  for  the  oscilloscope  input  and  so  had  to  Be  caliBrated. 
Consequently,  load  networks  using  10  megohm  precision  resistors  were  Built 
in  the  configuration  shown  in  Figure  6.  By  connecting  the  two  Banks  in 
parallel  or  series  it  was  possible  to  oBtaln  output  loads  of  50,  100,  and 
200  megohms.  Figure  7,  is  a  photograph  of  the  load  resistances. 

Air  Supply.  The  air  supply  consisted  of  a  one-inch,  3000  pel  supply 
line.  The  air  was  dried  to  -65^F. 

Instrumentation.  A  Tektronix  Type  555  Dual-Beam  Oscilloscope  was 
used  to  measure  and  record  input  and  output  peak-to-peak  voltages  and  wave 
shapes.  The  scope  was  caliBrated  within  an  accuracy  of 

A  Tektronix  Oscilloscope  Camera  Model  C-12  was  used  with  3000  speed 
Polaroid  film.  The  proBaBle  accuracy  of  the  voltage  measurement  from  the 
photographs  was  to. 05 cm. 
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FIGUHS  7 

The  Load  Assistances 
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The  SIS  Input  and.  output  voltages  vere  read  on  two  Sensitive  Research 
Model  ESH  Electrostatic  Voltmeters.  The  output  voltmeter  had  the  following 
ranges  and  probable  errors:  0-5,000;  ljjS;  0-10,000,  Vf>\  0-20,000, 

0-30,000,  1$.  The  input  Toltmeter  had  the  following  ranges  and  probable 
errors:  0-5,000,  1$;  0-15,000,  356;  0-30,000,  1%. 

The  total  temperature  was  measured  with  an  Iron-Constant in  Thermo¬ 
couple,  Type  I,  and  read  directly  on  a  Sim-Ply-Trol  Pyrometer,  Assembly 
Products,  Inc.  The  range  was  -75  to  +225°P  and  the  probable  error  was  *2°. 

Total  pressure  was  measured  with  a  Bourdon  Tube  Pressure  Gauge,  Jas. 

P.  Marsh  Corp.  The  rango  was  0-300  psig  and  the  probable  error  was  *lpsi. 

A  Treed  Radio  Co.  High  Voltage  Power  Supply,  0-30  kv,  10  ma,  was 
used  as  the  positive  DC  power  supply  for  the  input  amplifier. 

A  Beta  Series  201  Portable  High  Voltage  DC  Power  Supply,  Q-30  kr, 

1  ma,  was  used  as  the  negative  DC  power  supply. 

The  input  signal  to  the  amplifier  was  provided  by  a  Hewlett-Packard 
Test  Oscillator  Model  65OA  and  a  Measurements  Corp.  Model  71  Square  Vave 
Generator.  The  frequency  was  read  from  the  dials  of  the  generators  and 
cross-calibrated  with  the  oscilloscope  time  scale.  The  probable  error 
was  ±0.5cps. 
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Ill.  Theoretical  Considerations 

la  this  chapter,  several  distinct  prohleaa  are  examined  from  a 
theoretical  point  of  view.  The  general  assumptions  which  are  applicable 
throughout  the  investigation  are  listed  and  the  selection  of  certain 
operating  parameters  for  the  generator  is  then  outlined.  The  following 
specific  problems  are  considered: 

1.  The  prediction  of  the  generator  output  voltage  for  typieal 
input  voltages. 

2.  Ion  transport  phenomena. 

3.  Maximum  operating  frequency  of  the  generator. 

4.  The  design  of  a  circuit  for  self -sustained  oscillation  of 
the  generator. 

Assumptions 

The  theoretical  and  experimental  investigations  described  in  this 
report  were  predicated  on  several  basic  assumptions.  These  assumptions, 
which  are  listed  below,  are  applicable  throughout  the  study: 

1.  The  JED  generator  is  capable  of  generating  a  measureable 
amount  of  power  while  operating  with  an  alternating  input 
voltage. 

2.  The  operating  parameters  of  the  generator  which  were  found 
by  previous  experiment  to  give  optimum  performance  with  a 
steady  input  will  also  give  optimum  performance  with  an 
alternating  input . 

3.  The  frequencies  being  examined  are  sufficiently  low  that  the 
operation  of  the  generator  may  be  considered  to  be  quasi- 
static.  That  is,  the  DC  characteristics  of  the  generator 
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are  still  ralld  when  the  generator  Is  operated  with  an 
alternating  input. 

4.  Snail  variations  in  the  temperature  and  moisture  content  of 
the  air  will  not  affect  the  electrical  perforaance  of  the 
generator. 

5.  The  flow  through  the  noszles  and  transport  region  of  the 
generator  is  iaentropic  and  one-dimensional  (axial). 

6.  The  energy  extracted  from  the  flow  is  much  less  than  the 
total  energy  of  the  flow.  Therefore,  the  velocity  and 
density  of  the  air  are  considered  constant  throughout  the 
transport  region. 

In  addition  to  those  listed  above,  certain  other  assumptions  were 
required  for  particular  areas  of  investigation.  These  are  specified 
throughout  the  report  as  they  apply.  The  validity  of  the  assumptions 
is  discussed  in  later  chapters. 

Selection  of  Operating  Parameters 

Before  experimental  work  could  begin,  it  was  necessary  to  fix  some 
of  the  operating  parameters  of  the  generator.  These  parameters  governed 
the  generator  geometry,  the  air  flow  and  the  electrical  circuitry  require¬ 
ments.  The  decisions  regarding  the  operating  parameters  were  made  some¬ 
what  arbitrarily,  based  on  the  results  of  Wheeler  (Eef  7)  dad  Lauritsen 
(Eef  2). 

Needle  Configuration.  The  needle  tips  were  centered  in  the  plane  of 
the  attractor  electrode,  lauritsen  obtained  optimum  ion  production  with 
this  needle  configuration  (Configuration  VII)  (Eef  2:32). 

Beservoir  Pressure.  Pn.  The  reservoir  pressure  was  held  at  150  psig 

during  all  experimental  runs.  Lauritsen  found  that  for  this  pressure  the 
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collector  currant  was  alaoet  the  same  for  positive  ions  ae  it  was  for 
negative  ions  (fief  2:63*  96-97)*  It  was  hypothesised  that  this  condition 
would  yield  the  nost  symmetrical  output  wave  shape  for  an  alternating 
input. 

Transport  Distance.  L*  A  transport  distance  of  0*5  inch  w&b  used 
exclusively  hy  Lauritsen  and  to  some  extent  hy  Wheeler.  Wheeler  obtained 
a  reasonable  (although,  not  maximum)  power  output  with  this  transport  dis¬ 
tance  (fief  7:63).  To  allow  a  better  correlation  between  the  AC  results 
and  Lauritsen' a  and  Wheeler's  DC  results,  the  transport  distance  was  fix¬ 
ed  at  0.5  inch  for  this  study. 

Attractor  Voltage.  7a.  According  to  Lauritsen,  for  P0*  150  psig, 
1*0.5  inch  and  both  positive  and  negative  ions,  ionization  occurred 
when  the  attractor  voltage  reached  5  to  6  kv  and  breakdown  occurred  when 
the  attractor  voltage  reached  8  to  10  kv  (fief  2:63).  Therefore,  the 
range  of  attractor  voltages  selected  for  this  investigation  extended  up 
to  10  kv  0-p. 

Load  Beslatance.  Rt..  Wheeler  obtained  a  maximum  power  output  with 
a  load  resistance  in  the  vicinity  of  100  to  150  megohms  (Hef  7*63).  It 
was  considered  that  two  100  megohm  loads,  which  would  provide  values  of 
resistance  of  $0,  100  and  200  megohms  depending  on  the  manner  in  which 
they  were  connected,  would  adequately  cover  the  range  of  load  resistances 
desired. 

Output  Voltage.  Tn.  An  estimate  of  output  voltage  was  obtained  from 

some  of  Wheeler's  data.  At  P0=*150  psig,  L*0.5  in*  and  Hj,=  100  megohms, 

Pj,  is  found  to  be  3.9  watts  (Eef  7t 63).  This  corresponds  to  an  output 

voltage  of  19.75  fcr.  Therefore,  a  maximum  voltage  of  the  order  of  20  kv 

was  anticipated  across  the  100  megohm  load. 
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Output  Voltage  Prediction 


If  an  electrical  model  can  toe  postulated  for  the  3ED  generator,  then, 
for  a  given  set  of  operating  conditions  and  a  given  inpat  voltage,  it  should 
toe  possible  to  predict  the  output  voltage.  The  following  analysis  repre¬ 
sents  an  attempt  to  predict  the  output  voltage  for  three  typical  inputs. 

Two  assumptions  which  are  used  in  this  analysis  tout  are  not  listed 
under  the  general  assumptions  are: 

1.  The  output  capacitance  of  the  SB  generator  is  the  dominant 
factor  in  the  shaping  of  the  output  voltage. 

2.  The  value  of  the  output  capacitance,  as  determined  from  the 
step  input  data  (Figure  4l)  is  55.6  micromicro-farads. 

Since  quasi-steady  operation  of  the  generator  is  assumed,  an  instanta¬ 
neous  value  of  output  current  may  toe  obtained  from  the  DC  characteristic 
(Figure  11)  for  any  instantaneous  value  of  attractor  voltage.  In  other 
words,  if  the  attractor  voltage  is  known  as  a  function  of  time,  then  the 
output  current  is  also  known  as  a  function  of  time. 

Since  the  output  capacitance  and  the  DC  characteristic  are  the  only 
effects  considered  in  this  analysis,  the  electrical  model  of  the  generator 
consists  of  an  active  element  with  a  parallel  resistance-capacitance  output 
circuit.  The  capacitance  is  the  output  capacitance  of  the  generator,  Co; 
the  resistance  is  the  load  resistance,  Bj,,  connected  across  the  generator 
output;  the  attractor  voltage  is  VR;  the  current  flowing  through  the  cir¬ 
cuit  is  the  ion  current,  designated  as  the  output  current,  I0,  and  the 
voltage  developed  across  the  circuit  is  the  output  voltsgs,  To*  A  schematic 
of  the  model  is  shown  in  Figure  8. 
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Differential  gguatlon  of  the  generator.  ?or  a  parallel  H-C  circuit, 
the  following  equation,  relating  the  voltage  developed,  aerose  the  circuit 
to  the  current  flowing  through  it,  nay  he  written: 

Io=%  *Co  sr 

«  4Za+O_v0 . s  o  (1) 

dt  Xco  °o  ' 

If  ve  solve  this  equation  for  70  ( eee  Appendix  B)  we  obtain 
,  .  -t/Bi  Cor%  t/BLC0 


To  (*). 


-t/B L  C 9f*  t 

J - /  • 

Co  Jq 


Io  (*)  « 


where  I0  (t)  is  a  function  of  tine  and  V0  (0) =  0. 


[.  In  order  to  predict  T0  for  a  sinusoidal  input,  an 


expression  was  found  for  I0  as  a  function  of  tine  and  the  differential 
equation  of  the  generator  was  solved  to  give  V0  as  a  function  of  tiae. 
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This  la  oaf r lad  out  la  detail  In  Appendix  B  according  to  the  following 
atepe t 

1.  Proa  the  DC  characteristic  (Figure  11),  I0  is  tabulated 
against  cot  for  the  sinusoidal  input  7a  (t), 

w 

2.  An  expression  for  Z0  (t)  is  found  by  aeans  of  Fourier 
Analysis. 

3*  The  expression  for  I0  (t)  is  subsituted  into  (2)  and 
integrated  to  give  70  (t). 

The  operating  conditions  selected  were; 

f  =  10  cpa 

7a-  17.1  kr  p-p 

2^  =  100  megohns 

For  these  conditions, 

70  ( cot)  —  102  [-16.83  -49.4  {sin  cot 

-0.3493  cos  cot]  +  13-34  [  sin  3  cot 

-1.047  00s  3 tot] -0.1358  [  sin  5 cot 

-1.745  cos  5u>t]+6.l6  ^cos  2<ot 

+  0.6986  sin  2u>t}  -2. 085  £cos  4(ot 

+1.3972  sin  4u>t}]  (3) 

(A  plot  of  70  versus  cot  is  given  in  Figure  36.) 

This  is  the  predicted  output  voltage  for  a  sine  wave  input  for  the  case 
specified  by  the  above  operating  condition. 

Square  Wave  Input.  The  procedure  used  to  predict  the  output  voltage  » 

for  a  square  wave  input  was  identical  to  that  used  for  a  sine  wave  input. 

Zt  is  dons  in  detail  in  Appendix  B  according  to  the  following  steps; 
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1.  Troa  the  DC  characteristic  (figure  11),  valuoe  of  X0  are 
found  for  the  positive  and.  negative  half-cyclee  of  Ya.  This 
yields  two  constant  values  of  I0  over  two  intervals  of  tlae. 

2,  I0  is  substituted  into  (2)  and  in tecrated  over  the  two 
intervals  to  give  Y0  (t). 

The  operating  conditions  seleoted  were: 
f  -  10  cpe 
Ya»l8.4  kv  p-p 
aL=  100  alohas 

-t/0.3493 

Tor  these  conditions ,  where  B  *  e 
T0  («it)«  f-143  x  102  (1-B)  for  0<out<  TT 
54  x  102  (l-B)  for  TT<a)t<  ATT 
A  plot  of  Y0  versus  tot  is  given  la  Tlgure  37.  This  is  the  predicted 
output  voltage  for  a  square  wave  input  for  the  ease  specified  by  the  above 
operating  conditions. 

Stan  (fcponantlal)  Input.  The  approach  used  in  this  analysis  was 
different  froa  that  used  with  the  sine  wave  and  square  wave  inputs.  Since 
Ya  was  not  periodic  but  an  exponential  function  which  approached  a  step 
function,  it  would  have  been  impossible  to  obtain  an  expression  for  I0  ao 
a  function  of  tine  by  Fourier  Analysis.  Therefore,  it  was  assuaed  that, 
above  the  ionisation  potential,  I0  is  a  linear  function  of  Ya.  This 
iaplies  that,  for 


(4) 


-t/BiCi 

T»  (t)‘  Yamax'(l-e  ). 


then, 


*o  (1 


where  repreeente  the  tine  constant  for  the  generator  input.  This 

expression  for  X0  (t)  is  then  eubeituted  into  (2)  and  integrated  to 
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give  T0  (t).  The  development  la  carried  oat  in  Appendix  B. 

The  operating  conditions  selected  were: 

Ta  «  16.2  kv 

Omt 


Bl  s  100  negohas 
-3 

*1^-1  .57  x  10  sec. 
Tor  these  conditions. 


,  f  -lo3t/i.57  lO^t/5.56) 

V0(t)  *  16.2  x  103  1 1  +  0.393  «  -1.393  •  J(5) 

A  plot  of  70  versus  t  is  given  in  figure  39*  ^hie  is  the  predicted 
output  voltage  for  a  step  (exponential)  input  for  the  oase  specified  hjr 
the  above  operating  conditions. 

Ion  Transport  Phenomena 

Throughout  the  transport  region  the  ion  flow  is  subjected  to  several 
phenomena  which  tend  to  distort  the  output  wave  shape  and  reduce  the  out¬ 
put  power.  Since  the  output  capacitance  of  this  KS  generator  is  large, 
it  is  possible  that  these  phenomena  will  be  overshadowed  and  difficult  to 
observe.  Their  effects  can  therefore  only  be  postulated  with  accurate 
verification  being  left  for  future  work  on  a  redesigned  apparatus.  The 
following  four  factors  are  considered: 

1.  Turbulence  in  the  fluid  flow. 


2.  Ion  diffusion. 


3.  Inter-face  nixing  of  opposite  signed  ions, 
h.  Ion  current  build-up  tine. 

Turbulence  in  fluid  Tlow.  Any  turbulence  in  the  fluid  flow  will 
represent  a  loss  in  output  power.  Hot  only  will  there  be  an  aerodynamic 
loss,  but  there  will  also  be  an  electrical  loss  sinoe  less  aonsntua  in  the 
direction  of  the  flow  will  be  available  for  transfer  to  the  injected  ions. 
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Turbulence  may  also  cause  a  large  percentage  of  the  Ions  to  go  to  the 
ground  plate  where  they  are  lost.  These  eflects  will  tend  to  distort 
the  output  ware  shape  and  reduce  the  magnitude  of  the  output  voltage. 

Ion  Diffusion.  As  the  Ions  traverse  the  transport  region,  they  are 
subjected  to  random  collisions  mainly  In  the  direction  of  air  flow,  lsergy 
and  momentum  Is  transferred  to  these  Ions  but  not  in  equal  amount  to  all 
Ions.  Consequently,  all  the  ions  In  a  given  cross  section  will  not  be 
travelling  with  the  same  velocity,  but  their  velocities  will  be  distri¬ 
buted  within  a  band.  This  effect  will  cause  a  distortion  of  the  output 
wave  shape. 

Inter-face  Mixing.  Tor  a  perfect  square  wave  input,  ions  of  one  sign 
will  be  followed  immediately  into  the  transport  region  by  ions  of  oppo¬ 
site  sign.  At  the  interface,  nixing  of  positive  and  negative  ions  will 
occur  resulting  in  neutralisation  of  son e.of  the  charges  and  a  region  of 
no  charge.  This  effect  represents  a  loss  in  available  electrical  energy 
and  will  appear  as  a  narrowing  effect  on  the  output  wave  shape  which  will 
be  most  significant  at  high  frequencies. 

Ion  Current  Build-up  Time.  There  is  a  possibility  that  some  small 
delay  exists  between  the  time  that  a  voltage  greater  than  the  ionisation 
potential  is  applied  to  the  attractor  and  full  ion  current  is  achieved. 

The  main  justification  for  this  supposition  would  be  the  existence  of  a 
small  stagnation  (low  velocity,  high  pressure)  region  in  the  immediate 
vicinity  of  the  needle  tip.  Hers  a  cloud  of  ions  would  form  and  tend  to 
shield  the  tip  of  the  needle  from  the  applied  field.  Full  ion  current 
would  not  be  realised  until  the  cloud  had  grown  to  a  size  where  the  fluid 
could  carry  the  ions  downstream  as  fast  as  they  were  being  formed.  This 
delay  would  show  up  as  a  time  delay  or  phase  shift  in  the  output  voltage. 
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OggatiM  Pregnancy  of  the  Saaerator 

Ideally,  the  Maximum  operating  frequency  of  the  generator  ia 

ostahliahed  by  the  Telocity  of  the  iona  through  the  tr&naport  region.  Ia 

fact,  ainee  the  output  capacitance  of  the  generator  ia  relatively  large, 

the  output  will  he  attenuated  at  a  much  lower  frequency. 

Maximum  frequency  from  Ion  Blow.  In  thia  analyaia,  it  ia  aaauned 

that  the  maximum  frequency  at  which  the  generator  will  operate  ia  limited 

oaly  hy  the  tranait  tine  (the  time  for  the  iona  to  travel  through  the 

tranaport  region).  In  addition,  all  of  the  general  assumptions  made  at 

the  beginning  of  thia  chapter  will  apply. 

The  flow  of  iona  through  the  tranaport  region  ia  governed  hy  the 

velocity  of  the  fluid  flow  and  the  ion  mobility.  The  concept  of  ion 

mobility  ia  beat  defined  by  the  following  quotation  (Bef  6:2): 

When  aa  ion  in  a  gaa  ia  in  the  preaence  of  an  electric  field,  it  ia 
subject  to  the  uaual  electroatatic  force  lawa.  In  the  resulting 
motion,  it  frequently  collides  with  neighboring  molecules.  There¬ 
fore,  it  cannot  accelerate  indefinitely  but  quickly  reaches  an  aver¬ 
age  velocity  analogous  to  the  terminal  velocity  of  a  particle  fall¬ 
ing  through  a  viscous  medium  under  the  influence  of  gravity.  Thia 
average  velocity  due  to  the  electric  field  is  given  by  the  product 
of  the  mobility  k  of  the  gaa,  and  the  field  strength  St 


u  =  k£ 


where  k  has  the  defining  equation: 

k-r  /*i//0 

•  0 
where  /o  ia  the  density  of  air,  and /o0  is  the  density  of  air  at  O  C 

and  760-am  of  Hg. 

The  values  of  X  for  positive  and  negative  ions  in  pure  dry  air  are: 
£■1.6  x  1CT4  (m/aec)  /  (volts/m)  for-  positive  ions  and 

Ia  2.2  x  10-4  (m/aec)  /  (volts/m)  for  negative  ioaa  (Bef  6:2), 
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Where  Y^s  transit  Telocity  o f  ions, 
fluid  reloolty, 

and.  a  «  drift  Telocity  of  ions, 

vs  oan  write 

Yt*  Tf  ♦  a  (6) 

Sat  a -Id  (?) 

Tor  the  case  of  naxinnn  power,  the  eleotrie  field  in  the  transport 
region  is  giTen  by  Sourdine  (Hef  l':2)  ns  : 

^  =  -1  -  (1  -  3F(l  -  I))* 

where  j.  Jfat  k 
▼f 

*«*  , 

1 

and  for  optinnn  operation  J  *  1.00 

*)£  ,  (8) 

Substitution  of  (7)  and  (8)  into  (6)  and  Integration  with  respect 
to  ata  gives  a  transit  tine,  tr  a  0.0641  asec.  The  detailed  derivation 
is  shown  in  Appendix  C. 

The  theoretical  analysis  done  by  Wheeler  (Kef  7:27)  for  the  DC  case 
shows  that  when  a  pulse  of  ions  of  one  sign  is  just  long  enough  to  fill 
the  transport  region,  the  ions  will  be  putting  as  much  work  into  the 
flow  as  they  will  be  taking  out  of  it.  Hence,  the  net  power  output  will 
be  sero.  If  this  is  taken  as  the  Halting  situation  for  AC  operation, 
then  the  transit  tine  is  equal  to  one-half  the  period.  The  limiting 
frequency,  fj,,  (the  frequency  at  which  the  output  becomes  sero)  is  there¬ 
fore: 


Hence,  **  *  (-1  +  (^) 
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fLe  _ i_  =  7.8  kc/s 

2tr 

Maximum  Frequency  from  Output  Capacitance.  The  output  capacitance 
of  the  BSD  generator  consists  of  the  capacitance  between  the  collector 
and  ground  in  parallel  with  the  stray  capacitance  of  the  load  and  out- 
put  leads*  In  the  design  of  this  generator,  no  effort  was  made  to  min¬ 
imise  this  output  capacitance  since  AC  operation  had  not  been  antici¬ 
pated.  The  capacitance  is  therefore  higher,  by  perhaps  one  order  of 
magnitude,  than  it  would  be  if  it  had  been  considered  during  the  generator 
design. 

from  figure  41,  a  plot  of  the  step  input  data,  it  was  found  that, 
with  a  load  resistance  of  100  megohms,  the  BC  time  constant  for  the  out¬ 
put  of  the  generator  was  5»5&  msec,  and  the  output  capacitance  therefore 
was  55*6  ppf.  How,  a  capacitance  in  a  BC  circuit  will  charge  up  to  95$ 
of  its  peak  voltage  in  3  time  constants.  Hence,  the  output  capacitance 
of  the  generator  will  charge  up  to  95$  of  its  maximum  in  3  x  5*56  •  16.68 
msec.  If  this  charging  time  is  taken  as  half  the  period  then  the  corres¬ 
ponding  frequency  is  1 _ a  30  cps.  The  frequency  above  which  the 

2  x  16.68 

output  deteriorates  due  to  output  capacitance  effects,  then,  is  about  30 
cps.  Above  this  frequency,  a  drop  in  output  of  approximately  6  decibels 
per  octave  can  be  expected  slnoe  the  output  of  the  generator  is  similar 
to  a  BC.  circuit. 

Self-Sustained  Oscillation 

Self -sustained  oscillation,  as  the  name  implies,  entails  feeding 
back  part  of  the  output  to  the  input  so  that  continuous  operation  is 
possible  without  any  external  excitation.  Tor  such  an  operation  to  be 
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possible  the  system  must  have  power  and  voltage  gains  greater  than  one 
and  the  feed-hack  signal  must  he  180°  out  of  phase  with  the  input  signal. 

The  experinental  KD  generator  used  had  a  power  and  voltage  gain  greater 
than  one  for  low  frequencies,  and  a  phase  shift  of  very  nearly  180°.  Self- 
sustained  oscillation  is  therefore  theroetically  possible.  The  output 
wave  shape,  however,  is  very  irregular  and,  because  of  the  high  ionisa¬ 
tion  potential  at  the  input,  is  narrower  than  the  exciting  wave  shape. 

Xf  this  narrower  wave  shape  is  fed  hack  to  the  input,  a  farther  narrowing 
occurs,  and  this  process  repeats  itself  until  the  gain  becomes  less  than 
one  and  oscillation  stops. 

One  method  of  obtaining  a  satisfactory. wave  shape  for  feed-back  is 
to  use  the  generator  output  to  pulse  a  resonant  tank  circuit.  At  resonance, 
the  output  of  the  tank  circuit  will  be  a  sine  wave  even  though  the  pulse 
which  is  causing  it  to  resonate  is  not.  Part  of  the  tank  circuit  output 
can  then  be  fed  back  to  the  generator  input  to  maintain  oscillation,  while 
the  remainder  of  the  output  is  available  as  AC  power  at  a  single  frequency. 

A  tank  circuit,  due  to  its  internal  resistance,  has  electrical  losses 
which  must  be  overcome  or  it  will  not  resonate.  Hence,  to  maintain  oscil¬ 
lation  in  the  i&I)  generator,  it  is  necessary  to  put  out  enough  power  (a) 
to  overcome  the  losses  of  the  tank  circuit,  and  (b)  to  provide  sufficient 
feed-back  power  to  keep  the  loop  gain  greater  than  one.  That  this  is 
theoretically  possible  is  shown  in  the  following  analysis. 

From  the  experimental  results  it  was  found  that  for  this  generator, 
a  power  output  of  1  watt  at  a  frequency  of  10  cps  was  the  best  that  could 
be  obtained.  The  input  power  was  not  measured,  but,  on  the  basis  of  DC 

results  (fief  ?:440,  was  considered  negligibly  snail.  What  is  required  then 
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for  oscillation  it  a  tank  circuit  with  an  Internal  power  loss  of  lets  than 
one  watt  which  will  resonate  at  10  cps.  Also  the  resonant  iapedance  of 
the  tank  circuit  must  he  of  the  order  of  100  megohms.  This  is  evident 
from  Figure  22  since  we  must  have  a  voltage  gain  greater  than  one.  To 
meet  these  requirements,  a  capacitance  of  0.0153  pf  and  an  inductance  of 
16,000  henries  with  a  Q  of  100  it  required.  These  calculations  are  shown 
in  Appendix  D. 

A  capacitance  of  0.0158  pf  with  a  15  kr  rating  could  he  acquired. 
However,  a  transformer  with  a  Q  of  100,  a  primary  inductance  of  16,000 
henries,  and  a  voltage  rating  of  15  kv  would  he  extremely  difficult,  if 
not  impossible,  to  obtain.  In  practice  then,  this  generator  oan  never  he 
made  to  oscillate  without  an  external  energy  source. 

A  redesigned,  more  efficient  3BH  generator  could  possibly  he  made 
to  oscillate  by  connecting  a  load  resistance  in  series  with  the  tank 
circuit.  The  output  of  the  generator  would  thus  see  a  large  load,  hat  the 
resonant  resistance  of  the  tank  circuit  would  only  he  some  fraction  of 
it.  If  the  <<  of  the  coll  is  higher  than  that  needed  for  resonance,  then 
a  net  power  output  from  the  generator  is  available.  This  would  he  very 
desirable  since  this  output  would  he  sinusoidal  and  coaid  readily  by 
transformed  to  a  lower  voltage. 
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IV.  ^r^rmlntal  Scope  and,  Procedure 

The  Investigation  coneleted  of  two  haaic  groups  of  experiments, 
la  the  first  group  a  number  of  runs  were  conducted  to  determine  the 
electrical  performance  of  the  generator  with  various  electrical  inputs 
under  different  conditions.  These  included  the  determination  of  the 
direct  current  characteristics,  the  peak  voltage  characteristics  and 
the  BMS  voltage  characteristics.  The  Becond  group  included  a  series  of 
experiments  to  investigate  certain  electrical  phenomena  of  the  generator. 
These  included  the  examination  of  the  output  voltage  with  a  step  input 
and  with  a  "biased  alternating  input. 

The  generator  was  assembled  with  the  chosen  needle  configuration 
and  transport  distance  and  these  remained  fixed  throughout  the  experi¬ 
mental  runs.  The  reservoir  pressure  was  hsld  constant  at  150  pslg 
for  all  runs. 

Direct  Current  Characteristics 

Scope.  Average  load  current  characteristics  were  determined  for 
both  positive  and  negative  DC  attractor  voltages.  The  direct  current 
characteristics  are  defined  as  the  curves  of  load  current,  I0,  plotted 
against  attractor  voltage,  Va.  The  load  resistance,  B^,  was  kept 
constant  at  100  megohms. 

A  number  of  runs  were  made  on  different  days  within  a  three  week 
period.  There  was  no  way  of  regulating  the  reservoir  temperature,  T0, 
so  that  the  data  obtained  was  for  several  different  values  of  T0  ranging 
from  18  to  h5°F.  This  data  was  all  plotted  and  the  DC  characteristics 
rspresentsd  by  average  curves  were  drawn  through  the  available  data. 
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Procedure.  The  procedure  followed  to  obtain  the  DC  char&cteriatlee 
for  negative  ions  is  outlined  below.  The  collector  of  the  generator 
was  connected  to  the  100  megohm  load  resistance,  the  needles  and  the 
ground  plate  were  connected  to  ground,  and  the  attractor  was  connected 
to  the  positive  DC  power  supply  through  a  10  negohm  series  resistor.  The 
input  and  output  of  the  generator  were  connected  through  their  respective 
voltage  dividers  to  each  channel  of  the  oscilloscope.  Plow  was  established 
through  the  generator  at  P0  =  150  psig  and  the  attractor  voltage  was  raised 
in  steps  from  zero  until  voltage  breakdown  occurred  inside  the  generator. 
Oscilloscope  photographs  were  taken  at  each  step,  froa  which  values  of  TQ 
and  Ya  were  obtained. 

The  DC  characteristic  for  postive  ions  was  obtained  in  exactly  the 
same  way  but  with  the  negative  DC  power  supply  connected  to  the  attractor. 

Peak  Output  Voltage  Characteristics 

Scope.  The  peak  output  voltage  characteristics  were  obtained  for 
the  sine  wave  input  only  since  the  peak  and  SMS  output  voltages  for  the 
square  wave  were  expected  to  be  almost  identical.  The  peak  output  voltage 
characteristics  are  defined  as  the  curves  of  load  voltage,  V0  (in  kv  p-p) , 
plotted  against  attractor  voltage,  Va  (in  kv  sero  to  peak).  The  character¬ 
istics  were  determined  for  frequencies  of  10,  20  and  yo  ops  and  values  of 
load  resistance  of  $0,  100  and  200  megohms. 

Procedure.  The  procedure  followed  to  obtain  the  peak  voltage 
characteristics  is  outlined  below.  The  collector  was  connected  to  ths 
50  megohm  load,  the  needles  and  ground  plate  were  grounded,  and  the 
attractor  was  connected  to  the  high-voltage  alternating  power  source* 
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She  power  aource  was  fed  1)7  a  10  cpa  signal  from  the  tine  wave  signal 
generator.  The  generator  inpat  and  output  were  connected  through  the 
▼oltage  dividers  to  different  channels  of  the  oscillosoope.  Flow  was 
established  through  the  generator  and  the  attractor  voltage  was  raised 
in  increments  from  zero  until  saturation  of  the  alternating  power  aource 
was  reached.  Oscilloscope  photographs  yielded  values  of  7a  and  V0  for 
each  step. 

The  sane  procedure  was  repeated  with  frequencies  of  20  and  30  cps 
from  the  signal  generator  and  then,  with  load  resistances  of  100  and 
200  megohms,  repeated  again  for  each  of  the  three  frequencies. 

aC  Output  Voltage  Characteristics 

Scope.  The  RMS  output  voltage  characteristics  were  obtained  for 

both  the  sine  wave  and  square  wave  inputs.  The  RMS  output  voltage 

characteristics  are  defined  as  the  curves  of  load  voltage,  T0  (in  lev 

MS),  plotted  against  attractor  voltage,  7a  (in  kv  RMS).  These 

characteristics  were  determined  for  frequencies  of  10,  25  and  hO  cps 

and  values  of  load  resistance  of  50,  100  and  200  megohms .  The  data 

for  the  RMS  output  voltage  characteristics  was  also  used  to  obtain  the 

output  power  characteristics.  These  are  defined  &a  curves  of  output 

power,  ?£  (in  watts),  versus  attractor  voltage,  7a(in  kv,  RMS).  The 

output  power  characteristics  were  determined  for  a  frequency  of  10  cps 

and  values  of  load  resistance  of  50,  100  and  200  megohms.  From  the 

Smoothed  data  of  the  RMS  output  voltage  characteristics,  a  number  of 

secondary  curves  were  derived.  These  included  plots  of  70  versus  f, 

with  S^as  a  parameter,  70  versus  R^  with  f  as  a  parameter,  and 

versus  Rj,  with  f  as  a  parameter,  for  fixed  values  of  7a. 
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Procedure.  The  following  procedure  v&a  used  to  obtain  the  RMS 
output  voltage  characteristics.  The  collector  vat  connected  to  the 
50  megohm  load  resistance,  the  needles  and  ground  plate  vsre  connected 
to  ground,  and  the  attractor  vas  connected  to  the  high-voltage  alternating 
power  source.  The  power  source  was  fed  with  a  10  cps  signal  from  the 
sine  wave  signal  generator.  The  generator  Input  and  output  were  connected 
directly  to  the  electrostatic  voltmeters  and  Indirectly,  through  the 
voltage  dividers,  to  separate  channels  of  the  oscilloscope.  Tlov  was 
established  through  the  generator  and  the  attractor  voltage  was  raised 
in  increments  from  sero  until  saturation  of  the  power  source  was 
achieved.  Readings  of  V0  and  ?a  were  taken  from  the  voltmeters  at 
each  step.  The  oscilloscope  was  used  to  monitor  the  generator  input 
and  output  and  to  obtain  photographs  of  characteristic  wave  shapes. 

This  procedure  was  repeated  for  the  three  frequencies  at  each  value 
of  load  resistance  for  both  the  sine  wave  and  square  wave  inputs.  The 
upper  limit  of  attractor  voltage  vas  established  part  of  the  tine  by 
saturation  of  the  alternating  power  source  and  the  rest  of  the  time  by 
voltage  breakdown  within  the  generator* 

Output  Voltage  for  Step  Input 

Scope.  The  relationships  betwsea  the  input  and  output  voltages 
and  time  were  obtained  for  a  step  input  to  the  generator.  Curves  of 
(Vanai-Va;  and  (Tq^-Tq)  versus  t  wore  plotted  for  a  V0fflax  of  16.2  kv 
and  a  of  100  megohms.  Prom  these,  the  input  time  constant,  RjCj,  the 
output  time  constants,  RjC0,  and  the  output  capacitance,  C0,  of  the 
generator  were  derived.  This  then  permitted  an  examination  of  the  effect 
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of  an  exponential  Input  to  the  generator  and  of  the  time  to  reach 
ionisation  potential. 

Procedure.  The  first  step  in  obtaining  the  step  input  data  was 
the  Modification  of  the  high-voltage  alternating  power  source.  The 
blocking  capacitor,  (figure  11) ,  was  short  circuited  and  a  switched 
SC  battery  (22.5  volts)  was  connected  directly  to  the  grid  of  the  6BKh. 

When  the  tube  wae  conducting,  the  voltage  at  the  plate  of  the  tube 
was  sero.  When  the  negative  battery  voltage  was  switched  onto  the  grid, 
the  tube  cut  off  and  the  B*  voltage  appeared  at  the  output  of  the  power 
source  as  a  etep  function. 

The  collector  was  connected  to  the  100  aegohn  load  resistance, 
the  needles  and  ground  plate  were  grounded  as  before,  and  the  attractor 
was  connected  to  the  high-voltage  alternating  power  source.  The  input 
and  output  of  the  generator  were  connected  to  separate  channels  of  the 
oscilloscope,  flow  was  established  and  the  attractor  voltage  was 
adjusted  (with  the  tube  cut-off)  to  give  a  reasonable  output  voltage 
(V0  =  16.2  kv) .  By  aeons  of  the  22.5  V  battery  switch,  the  step  input 
was  applied  to  the  generator  and  an  oscilloscope  photograph  taken. 

This  was  repeated  for  several  different  oscilloscope  tine  scale 
settings.  The  resulting  photographs  gave  the  relationships  of  Va  and 
T0  with  t. 

Output  Toltage  for  Biased  Alternating  Input 

Scope.  The  output  wave  shape  for  the  normal  sine  wave  input  shows 
considerable  distortion  since  the  attractor  voltage  only  rises  above  the 
Ionisation  potential  for  a  portion  of  the  cycle.  If  the  generator  operates 
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with  an  alternating  input  which  ia  above  the  ionisation  potential  for 
the  entire  cycle,  than  the  output  ware  shape  would  he  expected  to  show  lees 
distortion.  The  input  voltage  which  satisfied  this  condition  consisted 
of  a  sinusoidal  voltage  superimposed  on  a  DC  voltage  such  that  the  alter¬ 
nating  component  newer  dropped  helow  the  ionisation  potential.  Suns  were 
mde  at  various  frequencies  and  attractor  voltages  to  permit  examination 
of  the  output  wave  shape.  Two  variable  frequency  runs  were  made  at  con¬ 
stant  Ya  to  obtain  a  relationship  between  Y0  and  f.  Trow  this,  the  roll¬ 
off  frequency,  fE»  and  the  output  oapaeitanoe,  C0,  of  the  generator  were 
derived. 

Procedure.  These  runs  also  required  a  modification  of  the  high- 
voltage  alternating  power  source.  In  order  to  allow  the  DC  component 
to  reach  the  attractor,  the  blocking  capacitor,  C3  in  figure  Al,  was 
short-circuited  as  in  the  case  of  the  step  input.  The  signal  applied 
to  the  grid,  however,  was  that  from  the  sine  wave  generator. 

The  collector  was  connected  to  the  100  megohm  load  resistance, 
the  needles  and  ground  plate  were  connected  to  ground,  and  the  attractor 
was  connected  to  the  alternating  power  souree.  The  input  and  output 
of  the  generator  were  connected  to  separate  channels  of  the  oscilloscope, 
flow  was  established  and  oscilloscope  photographs  were  taken  at  several 
settings  of  Ya  and  f .  Two  runs  were  made  with  the  AC  and  DC  components 
of  Ya  held  constant  while  the  frequency  was  Increased  in  steps  and  a 
series  of  oscilloscope  photographs  taken,  from  these,  T0  was  obtained 
for  each  frequency. 
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Y.  Besults  and  MiegHdag 

The  results  of  the  investigation  are  presented,  for  the  nost  part, 
in  graphical  fora  and  will  be  found  throughout  this  chapter  as  they  are 
discussed.  The  complete  experimental  data  Is  tabulated  in  Appendix  I. 

Irperlaental  Brror 

The  BMS  accuracy  with  which  the  voltages  could  be  measured  using  the 
eecillisocope  is  determined  as  follows: 

The  accuracy  of  the  scope  was  -J)i. 

The  accuracy  of  the  voltage  measurements  from  the  photographs 
was  £0.05  on.  or,  for  a  voltage  measurement  of  the  order  of  2  cm., 
±2.551. 

The  accuracy  of  the  voltage  divider  networks  (10  -  ljt  10  megohm 
resistors  in  series  with  1  -  536  10  kilohm  resistor)  is 

^[/lO  (  l2  )]2+52 

The  total  maximum  experimental  error  of  the  oscilloscope  voltage 
measurement  then  is _ 

j[/32  *  2.52]2+42.5.5» 

In  the  cases  where  the  difference  of  two  voltages  is  considered,  this 
maximum  error  becomes 

f.5Z  +  5.52  =# 

Tor  the  cases  where  the  voltages  were  measured  with  the  electro* 
static  voltmeters,  the  output  voltage  was  accurate  to  within  *15(,  aad 
the  input  voltage  was  accurate  to  within  ±l£  for  voltages  up  to  $000 
and  accurate  to  within  %3jt  for  voltages  between  $000  and  15,000.  There¬ 
fore,  as  experimental  error  of  is  assumed  for  the  output  voltage 
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and  an  average  experimental  error  of  -ZjL  it  assumed  for  the  in  pot 
voltage. 

As  indicated  in  Chapter  II,  the  probable  error  la  frequency  la 
±0.5  cpe,  or  approximately  ±256,  and  the  probable  error  in  load  resis¬ 
tance  is  approximately  JlO  (1  )2  »3jt. 

Direct  Current  Characterletics 

The  direct  currant  characteristics  are  plotted  for  negative  iona 
(figure  9) ,  posit ire  ions  (figure  10) ,  and  a  combined  curre  of  both 
(figure  11).  The  DC  characteristics  ware  oasd  to  estiaate  the  output 
current  for  any  attractor  voltage,  suoh  as  in  ths  prediction  of  the 
output  voltage. 

Spread  of  Data.  As  can  be  seen  in  figures  9  and  10,  a  considerable 
spread  in  the  data  occurred  for  different  runs,  for  example,  with  a 
Va  of  8  kv. ,  I0  varies  from  -60  to  -150  aicro-aaps  and  with  a  Va  of 
-8  kv. ,  IQ  varies  from  15  to  95  micro-amps.  The  spread  of  data  prob¬ 
ably  resulted  froa  a  combination  of  several  effects.  Variations  in 
temperature  could  have  resulted  in  a  variation  in  output  voltage  since 
/O  0  and  the  fluid  velocity  ^  are  both  functions  of  T0.  Variations  in 
the  moisture  content  and  composition  of  the  air  froa  day  to  day  could 
have  effected  the  ionisation  properties  of  the  air.  Voltage  breakdown 
between  the  needles  and  the  attractor  occurred  quite  frequently  and  the 
resultant  burning  and  pitting  of  the  needles  could  have  changed  the 
ionisation  characteristics  of  the  generator.  Several  preliminary  DC 
runB  were  made  without  the  10  negohm  resistor  in  place.  It  was  found 
that  the  curve  for  increasing  V*  (from  sero  to  breakdown)  differed 
considerably  froa  tha  curve  for  decreasing  Va  (from  breakdown  to  sero). 
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Ibis  effect  was  undo  ub  tab  ly  caused  by  the  heavy  aroint  which  occurred 
at  breakdown  changing  the  ionisation  characteristic  of  the  needles. 

Vith  the  large  resistor  in  series  only  light  arcing  occurred  and  the  tqp 
and  down  curves  for  any  one  run  Batched  very  closely.  The  large  spread 
of  data  between  runs,  however,  still  presisted.  Average  DC  character¬ 
istics  are  drawn  through  the  points  in  figures  9  and  10  and  the  limits 
of  the  spread  of  data  are  indicated  on  figure  11. 

Comparison  with  Previous  ggperimant.  In  order  to  compare  the 
results  of  this  study  with  those  of  Lauritsen,  his  corresponding  curves 
are  plotted  in  figures  9  and  10.  It  can  be  sees  that  the  lower  port Iona 
of  Laurltsen's  curves  natch  those  of  this  investigation  quite  closely, 
but  the  upper  portions  of  the  ourves  are  quite  different.  Laurltsen 
obtained  much  higher  values  of  ion  current  at  high  attractor  voltages. 
This  occurred  because  Laurltsen's  curves  were  obtained  for  the  short- 
olrcuited  condition  and  saturation  did  not  take  place. 

Saturation  of  the  output  will  occur  at  high  attractor  voltages  when 
a  load  is  connected  to  the  output  and  a  high  voltage  builds  up  on  the 
collector.  The  phenomenon  works  in  the  following  manner.  As  the  ion 
current  tends  to  increase  due  to  an  increase  in  attractor  voltage, 
the  potential  difference  across  the  load  (I0Bl)  also  tends  to  increase. 
This  higher  voltage  would  normally  result  in  an  increase  in  the  electric 
field  in  the  transport  region.  However,  if  the  electric  field  increases 
above  a  critical  value,  the  air  flow  is  not  able  to  transport  as  many 
ions  across  the  transport  region  and  the  ion  current  is  decreased.  An 
equilibrium  condition  is  thus  reached  where  the  ion  current  and  the 
output  voltage  rise  to  a  maximum  and  level  off  regardless  of  how  much  . 
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the  attractor  voltage  la  Increased.  This  saturation  phenomenon  is 
reflected  in  the  rounding  off  of  the  current  and  voltage  characteristics 
at  higher  values  of  attractor  voltage. 

Since,  Iauritsen's  curves  were  plotted  for  sero  load  resistance 
(short-circuited  output)  the  collector  voltage  was  always  sero.  There¬ 
fore,  saturation  did  not  occur  and  his  output  was  affected  only  "by  space 
charge  limiting.  This  is  a  similar  effect  to  that  described  above,  ex¬ 
cept  that  the  ion  current  is  limited  only  by  the  electric  field  due  to 
the  space  charge  in  the  transport  region  and  not  by  the  electric  field 
due  to  a  voltage  on  the  collector. 

Another  factor  which  could  have  contributed  to  the  differences 
between  Lauritsen's  curves  and  those  of  this  investigation  was  the  burning 
of  the  needles  by  repeated  voltage  breakdown.  The  most  severe  damage 
probably  occurred  whan  preliminary  SC  runs  were  made  without  a  series 
resistor  between  the  power  supply  and  the  attractor,  further,  there  is 
the  possibility  that  physical  changes  occurred  in  the  generator  during 
the  months  it  lay  unused.  Such  changes  could  be  reflected  in  the  elec¬ 
trical  performance  of  the  generator. 

Peak:  Output  Voltage  Characteristics 

figures  12,  13  and  14  show  the  results  of  plotting  peak  to  peak 
output  voltage  versus  zero  to  peak  attractor  voltage  at  frequencies  of 
10,  20  and  30  epa  for  values  of  load  resistance  of  50,  100  and  200  megohms 
respectively. 

Comparison  with  DC  Results.  If  we  take  the  curve  for  10  cps  at 

s  100  megohms  (figurs  13)  we  find,  at  Ta«8  kv,  that  V0  *  27  kv. 

Now,  for  the  same  ?a  using  the  extreme  limits  on  the  DC  characteristics 
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FIGURE  13 

Peak  Voltage  Characteristics  <«L  =  100  megohms) 
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(figure  11),  the  sub  of  the  two  V0's  for  positive  and  negative  ions 
(Io^It)  1*  24.5  lev.  These  values  correspond  quite  closely ,  although  one 
would  expect  the  value  for  the  sine  wave  characteristic  to  he  slightly 
less  than  that  for  the  DC  characteristics,  since  there  will  he  soae 
attenuation  due  to  C0  even  at  10  cps.  It  should  he  noted  also  that  the 
shape  of  the  peak  output  voltage  curve  corresponds  very  closely  with  the 
shape  of  the  DC  curve. 

gffect  of  Load  Resistance.  It  is  apparent  from  figures  12,  13  and 
14,  that  as  load  resistance  increases  at  any  frequency,  the  output  volt¬ 
age  also  increases.  This  is  to  he  expected  since,  for  a  given  ion  cur¬ 
rent,  the  IH  drop  and  hence  the  voltage  across  the  load,  will  increase 
as  the  resistance  increases.  This  phenomenon  iB  consistent  with  the 
results  obtained  hy  Vheeler  (Bef  7:66)  and  is  discussed  more  fully  in 
the  section  on  BKS  output  voltage  results. 

Jtt&SjL  of  frequency,  figures  12,  13,  and  14  also  indicate  that, 
for  a  given  value  of  load  resistance,  the  output  voltage  decreases  as 
the  frequency  increases.  This  phenomenon  is  not  surprising  since  the 
effect  of  the  output  capacitance  in  attenuating  the  generator  output 
will  becoae  more  pronounced  as  the  frequency  increases.  A  further  dis¬ 
cussion  of  this  effect  is  also  contained  in  the  section  on  HKS  output 
voltage  results. 

a<S  Output  Voltage  Characteristics 

figures  15,  16  and  17  are  plots  of  BMS  output  voltage  versus  BMS 

attractor  voltage  at  sine  wave  frequencies  of  10,  25,  and  40  cps  for 

values  of  50,  100  and  200  megohms  respectively,  figures  18,  19  and  20 

are  the  corresponding  curves  for  a  square  wave  input.  Plote  of  output 
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FIGURE  15 


aracterietics  for  Sloe  Wave  Input 
<*L  =  50  megohms ) 
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riQURE  16 

A6  Voltage  Characteristics  for  Sine- Wave  Input 
<«L  -  100  megohms) 
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FIGUFE  20 

B6  Voltage  Characteristics  for  Square  Wave  Input 
<«L  =  200  megohms) 
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JIGUFK  23 

Bffeot  of  Frequency  on  Output  Voltage  for  Square  Ware  Input 
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voltage  versos  frequency  and  output  voltage  versus  load  resistance 
are  given  for  fixed  values  of  sine  wave  and  square  wave  input  voltage 
(Figures  21  and  22  and  Figures  23  and  24  respectively).  These  last 
four  graphs  are  plotted  froa  smoothed  data;  that  is,  the  points  for 
these  curves  were  taken  from  the  smooth  curves  drawn  through  the  exper¬ 
imental  points  on  the  original  HMS  voltage  characteristic  curves.  These 
curves  were  drawn  froa  three  points  only  and,  therefore,  it  might  be 
expected  that  slight  errors  or  variations  in  the  original  data  would 
strongly  influence  the  shape  of  the  curves.  They  are  valid,  however, 
for  indicating  trends. 

Comparison  with  Peak  Output  Voltage  Characteristics.  The  HMS  volt¬ 
age  curves  are,  in  general,  similar  in  shape  to  the  p-p  output  voltage 
characteristics  with  the  exception  of  a  kink  in  the  sine  wave  curves  for 
values  of  Ta  between  5.2  to  6.2  kv  HMS  (7.3  to  8.8  kv  p-p).  This  kink 
is  probably  caused  by  the  change  in  the  wave  shape  with  attractor  volt¬ 
age  as  shown  in  the  photographs  of  Figure  33*  la  examination  of  the  DC 
characteristics  helps  to  explain  this  phenomenon.  Figure  25  shows  the 
SC  characteristics  for  positive  and  aegative  ions  plotted  on  the  earns 
graph.  Hote  that  between  the  dotted  lines,  in  the  areas  narked  "Beglon 
of  Kink",  the  negative  ion  curve  has  begun  to  taper  off  while  the  pos¬ 
itive  ion  curve  has  not  yet  reached  its  steepest  slope.  Consequently, 
the  rate  of  rise  of  output  voltage  decreases  with  attractor  voltage  in 
this  region.  Once  V*  gets  above  8.8  kv  the  steep  part  of  the  positive 
ion  curve  is  reached  and  the  output  voltage  once  again  rises  rapidly  as 
before.  The  rapid  rise,  decrease  in  rate  of  rise,  and  rapid  rise  again 
appears  to  account  for  the  kink  is  the  output  voltage  curves. 


58 


250, 


1C  Characteristics  Showing  Range  of  Va 
for  Kink  in  Sinusoidal  Voltage  Characteristics 
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IflfroJfc  of  Load  assistance.  Vheeler  discovered  that  the  output 
voltage  increased  with  load  resistance  up  to  60  aegohas,  tending  to 
level  off  as  It  increased  (Eef  ?:66).  Tor  a  given  ioa  current,  aa  the 
load  resistance  increases,  the  output  voltage  Increases.  The  field  la 
the  transport  region  also  increases  correspondingly  opposing  the  flow 
of  ion  current.  Saturation  will  then  take  place  as  the  output  voltage 
reaches  a  naxinua  above  which  it  cannot  increase  further.  This  effect 
was  observed  in  both  the  square  wave  and  the  sine  wave  results.  The 
output  voltage  was  nearly  constant  for  values  of  load  resistance  above 
150  aegohns  (Tigure  22  and  24). 

Effect  of  frequency.  As  the  frequency  increases,  the  output  voltage 
of  the  generator  would  be  expected  to  decrease  owing  to  the  effect  of  the 
output  capacitance.  Tigurea  21  and  23  show  that,  for  given  values  of  Va 
and  S^,  VQ  does  decrease  with  frequency  for  both  square  and  sine  wave 
inputs.  Vow,  if  the  output  voltage  of  the  generator  were  sinusoidal, 
the  rate  of  attenuation  of  the  output  voltage  by  the  capacitor  would  be 
expected  to  increase  and  the  slopes  of  the  T0  versus  f  curves  would 
becone  aore  negative.  However,  the  output  of  the  generator  for  a  sine 
wave  input  is  not  sinusoidal  and,  for  a  given  peak  to  peak  voltage,  the 
SMS  content  of  the  output  waveforn  increases  with  frequency  (see  Tigure 
31).  Hence,  the  rate  of  attenuation  of  the  output  voltage  for  this  wave¬ 
forn  will  not  increase  with  frequency  but,  rather,  it  will  decrease  owing 
to  the  relatively  greater  SMS  content.  This  fact  accounts  for  the  shape 
of  the  70  versus  f  curves  for  the  sine  wave  input.  The  sane  thing  is 
not  true,  however,  for  the  square  wavs  input  curves  where  the  HNS  content 
of  the  output  waveforn  actually  does  decrease  with  frequency.  The  curve 
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for  200  nagohas  la  figure  23  does  show  aa  increase  la  the  rate  of  attenu- 
at Ion,  the  eorre  for  100  aegohas  »how»  aa  alnost  linear  attenuation 
and  that  for  SO  aegohas  ahova  a  decrease  la  the  rate  of  attenuation* 

She  tread  of  the  latter  two  curves  is  contrary  to  what  was  expected  and 
a  satisfactory  explanation  eould  not  he  found  for  this  inconsistency* 
Perhaps  here,  as  in  the  oase  of  the  sins  wave,  distortion  In  the  wave 
shape  was  the  cause. 

Coagarlson  of  Square  and  Sine  have  Basalts.  She  shapes  of  the 
square  and  sine  ware  characteristics  are  quite  siadlar  as  any  he  seen 
hy  comparing  Pictures  1$,  16,  and  1?  with  Pictures  18,  19  and  20.  Ion¬ 
isation  occurs  at  the  lower  SMS  wains  of  attractor  woltace  for  the  sine 
wave  than  it  does  for  the  square  wave  since  the  peak  of  the  sine  ware 
goes  above  the  ionisation  potential  while  the  SMS  value  it  still  con¬ 
siderably  below.  Slightly  higher  values  of  T0  wore  obtained  at  the 
upper  end  of  the  curves  for  the  sine  wave  input.  This  oan  be  attributed 
to  two  factors: 

1.  Tor  a  given  SMS  attractor  voltage,  the  peak  of  the  sine  wave 
is  1.4  tints  ns  high  as  the  peek  of  the  square  wave.  There¬ 
fore,  the  generator  will  be  operating  on  a  higher  portion  of 
the  DC  characteristic,  thus  giving  a  larger  ion  current  and  n 
higher  output  voltage. 

2.  Since  a  definite  tine  is  required  for  the  voltage  breakdown 
to  occur  inside  the  generator, "a  sinusoidal  voltage,  whose 
peak  rises  above  the  breakdown  potential  for  a  snail  fraction 
of  each  half  cycle,  could  be  applied  to  the  attractor  at  sons 
frequencies  without  causing  breakdown.  A  square  wave  voltage 
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of  the  mm  peak  value,  vhooe  peek  ie  above  the  breakdown 
potential  for  the  entire  half  07 ole,  would  oaaae  breakdown 
at  the  mm  frequencies.  Thus,  a  higher  peak  to  peak  sine 
wave  voltage  can  be  applied  to  the  attraetor  and  a  correspond¬ 
ingly  higher  output  voltage  oaa  be  generated. 

Output  Power  Characteristics 

Output  power  was  calculated  in  all  cases  fron  the  output  voltage 
and  load  resistance.  Plots  of  output  power  versus  attractor  voltage 
for  a  frequency  of  10  epe  and  three  valoM  of  load  resirtance  are 
given  in  Tigures  26  and  2?  for  sine  and  square  wave  inputs  respectively. 
Also  plotted  are  curves  of  output  power  versus  load  resistance  for  a 
fixed  value  of  attractor  voltage  and  three  frequencies  for  sine  and 
square  wave  inputs  (figures  28  and  29).  The  latter  are  derived  froa 
the  saoothed  data  of  Tigures  15  to  20,  and  the  fact  that  they  are  derived 
fron  only  three  points  should  be  borne  in  Bind  as  their  shape  is  exaained. 
As  night  be  expected,  the  shape  of  the  curves  is  similar  to  the  shape  of 
the  BMS  voltage  characteristics,  however,  their  slopes  are  different. 

It  is  Interesting  to  note  that,  for  both  sine  wave  and  square  wave  inputs, 
the  highest  value  of  output  power  obtained  was  of  the  order  of  one  watt. 
The  naxiaun  value  of  power  obtained  ty  Vheeler  for  the  sum  conditions  was 
4.5  watts  (Ref  7:63). 

Affect  of  load  Resistance.  Tor  any  electrical  generator  which  is 

delivering  power  to  a  load,  the  naxinua  power  is  transferred  when  the 

impedance  of  the  load  is  equal  to  the  inpedanoe  of  the  gMerator.  A 

plot  of  output  power  versus  load  resistance,  then,  should  show  a  naxiaun 

62 


watts 


1.2 


T 


FIGURE  26 

Output  Power  Characteristics  for  Sine  Wave  Input 
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Effect  of  Load  Resistance  on  Output  Power  for  Sine  Ware  Input 
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for  aoue  value  of  load  resistance.  Thia  ia  exactly  the  out  for  the 
square  vara  curves.  Tor  an  attractor  voltage  of  7*5  kv  IMS,  aaxlnau 
output  power  occur*  at  all  frequencies  la  the  ranee  of  100  to  150  megohm 
(aee  figure  29) .  The  aharpeat  aaxiaua  oecnra  on  the  io  ops  cuxre,  while 
the  broadest  occura  on  the  40  epa  curre.  Thia  ranee  of  load  reeiatance 
for  aaziaaa  output  power  aeraea  wary  closely  with  Wheeler 'a  reeulta  for 
DC  naxiau*  power.  He  obtained  aaxiaua  output  power  for  a  load  reeist- 
ance  of  approximately  150  aacohaa  Ikef  7:63). 

The  alne  wave  reaulta  did  not  c oaf ora  to  the  expected  pattern, 
lone  of  the  curves  In  figure  28  ahowa  a  clear  aaxiaua*  The  curves  for 
10  and  25  epa  tend  to  level  off  and  perhaps  go  to  a  aaxiaua  at  a  value 
of  %  below  50  aacohaa.  but  the  40  epa  curve  ahowa  no  auch  tendency.  It 
waa  decided  to  fix  Va  at  6.5  lev  HHS  to  keep  it  aa  clone  as  possible  to 
the  Va  chosen  for  the  square  wave,  but,  had  Tg  been  fixed  at  a  lower 
value,  the  10  and  2 5  epa  curves  would  both  have  ahowa  nexiaa  for  an 
of  approxlaately  100  aecohas. 

of  Treouencr.  Tor  a  given  value  of  load  reaiatance,  the 
output  voltace  decreaaea  as  the  frequency  increases  (figures  28  and 
29).  Since  the  output  power  Is  a  function  of  the  aqnare  of  the  voltace, 
then  it  will  also  decrease  with  frequency.  This  was  found  to  be  true 
in  all  oasea  as  la  shown  in  figures  28  and  29* 

Coparlson  of  Square  and  Sine  Wave  Powers 

Output  Power  Characteristics.  *he  sine  wave  input  gives  an  output 
for  a  lover  value  of  HKS  input  voltace  than  that  of  the  aquare  wave. 

Thia  phenoaenon  occurs  because  the  peak  value  of  the  sine  wave  voltage 
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reaches  ionization  potential  while  the  SMS  value  of  the  voltage  ia 
still  only  about  70 $  of  the  ionization  voltage.  Thus  the  square 
wave  will  be  only  about  70$  of  its  value  for  zero  output  when  the 
sine  wavs  reaches  its  zero  output  point.  This  is  shown  in  ?lgure  30. 

The  sine  wave  (7a  BMS)  and  the  square  wave  curves  rise  with  approxi¬ 
mately  the  same  slope,  as  would  be  expected  since  the  input  powers 
are  nearly  the  sane.  However,  the  slope  of  the  sine  wavs  (7a  p-p) 
curve  is  less  than  the  slope  of  the  square  wave  curve.  This  occurs 
because,  for  any  given  increase  in  ▼a.  the  increase  in  input  power  for 
the  square  wave  will  be  considerably  greater  than  the  increase  in  input 
power  for  the  sine  wave  (7a  p-p).  Hence,  for  the  square  wave,  the  out¬ 
put  will  be  higher  and  the  slope  of  the  curve  greater.  The  sine  wave 
(7a  p-p)  curve  in  Tigure  30  begins  at  a  lower  value  of  7a  than  does  the 
square  wave  curve.  This  is  contrary  to  what  was  expected  since,  once 
the  voltage  reaches  ionisation  potential,  an  output  should  be  obtained. 
The  two  curves  would,  therefore,  be  expected  to  begin  at  the  sane  value 
of  7a  (p-p).  The  fact  that  they  do  not  is  probably  the  result  of  varying 
teaperature  and  noisture  conditions  in  the  air  flow  since  the  runs  were 
done  on  different  days. 

Input  Power  Batio.  Assuming  pure  sine  wave  and  square  wave  voltage 
Inputs,  a  ratio  of  sine  wave  power:  square  wave  power  for  any  given  value 
of  HMS  voltage  is  given  by  the  ratio  of  the  areas  under  the  curves  of 
the  square  of  the  voltage.  Tor  the  sine  wave  input,  power  is  only  being 
put  in  during  that  part  of  the  cycle  in  which  the  voltage  is  above  the 
ionization  voltage.  In  this  calculation  a  value  of  BMS  voltage  was 
chosen  of  6.5  kv  and  the  ionisation  potential  of  5.5  kv  was  taken  froa 
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figure  11.  The  integration  of  the  squares  of  the  voltage  which  la 

shown  la  Appendix  1,  yielded: 

Slaa  ware  power  la  ,  0.896 
8quare  ware  power  in 

Output  Power  Batlo.  Iron  figure  30  a  ratio  of  observed  output 
powers  oaa  be  obtained  for  the  sane  value  of  3M8  Input.  Again  picking 
6.5  hr,  wo  cat. 

Sine  wave  power  out  -4.71 
Square  wave  power  out 

Hence,  for  tha  aaae  Input  power,  the  sine  wave  will  produce  A. 71  <.25 

6.8% 

tlaea  as  auch  output  power  aa  the  aquare  wave. 

from  the  SC  characteristics  (Pleura  11)  a  value  of  lnatantaaeoua 

current  for  each  laataataneoue  woltaee  was  obtained.  The  areas  under 

the  curves  of  the  aquare  of  the  output  current  for  the  two  input  ware 

shapes  were  computed  by  plottlne  the  curves  and  addin*  squares  (aoe 

Appendix  B).  The  ratio  of  these  two  areas  cave  the  output  power  ratio. 

By  waking  allowance  for  the  experimental  spread  la  the  SC  characteristics , 

the  followlac  ratio  was  obtained: 

Sfr?  JBH  22301  SSi. _  9s  9.22 

Square  wave  power  out 

which  is  less  than  a  factor  of  two  above  the  observed  value. 

Oatout  Wave  Shape 

Bzanination  of  the  photographs  of  output  wave  shapes  (figures  31 
to  34)  shows  the  distorting  effeot  of  the  generator  on  the  input  wave 
shape.  In  the  first  place,  there  is  the  effect  of  the  output  capaci¬ 
tance.  This  shows  up  as  an  expotential  rise  superimposed  on  the  in¬ 
creasing  portion  of  the  input  voltage  and  aa  expotential  deoay  super- 
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f  =  3 c  cps 
FIGURE  31 

Oscilloscope  Photographs  Showing  Change  of  Output 
Wave  Shape  with  Frequency  -  Sine  Wave  Input 

(V  =  15.5  kv  p-p,  Rr  =  100  megohms) 
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(f  -  10  cps,  =  100  megohms) 
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V  =  11.4  kv  p-p 
& 

FIGURE  34 

Oscilloscope  Photographs  Showing  Change  of  Output 
Wave  Shape  with  Attractor  Voltage  -  Square  ’wave  Input 

(f  =  10  cps,  R^  =  100  megohms) 
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imposed  on  the  decreasing  portion  of  the  inpat  voltage.  Since  the  effect 
of  the  capacitance  increases  with  frequency,  the  distortion  in  the  out¬ 
put  wave  shape  would  he  expected  to  increase  with  frequency.  Sxamination 
of  figures  31  and  32  shows  this  to  he  the  case.  In  the  second  place, 
there  is  the  effect  of  the  direct  current  characteristics,  When  the 
instantaneous  input  voltage  is  less  than  the  ionization  potential,  there 
is  no  output  with  the  result  that  a  flat  portion  occurs  in  the  output 
wave  form  every  time  the  input  reverses  polarity.  This  effect  is  insign¬ 
ificant  with  a  square  wave  input.  However,  with  a  sine  wave  input  where 
the  instantaneous  voltage  is  helow  the  ionization  potential  over  a  con¬ 
siderable  fraction  of  the  cycle,  it  results  in  an  output  which  resembles 
a  series  of  peaks  separated  hy  intervals  of  zero  output  (Tigure  33). 

The  direct  current  characteristics  also  explain  the  asymmetrical  wave 
shape  at  lower  values  of  Va.  It  can  he  seen  from  Figure  25  that  the  neg¬ 
ative  ion  characteristic  rises  more  steeply  at  a  lower  value  of  Va  than 
does  the  positive  ion  characteristic.  Therefore,  the  negative  half  cycle 
of  the  output  for  an  alternating  input  would  he  expected  to  develop  more 
rapidly  at  low  attractor  voltages  than  the  positive  half  cycle.  Although 
this  effect  will  occur  for  either  the  sine  wave  or  the  square  wave  input, 
it  is  most  obvious  with  the  sine  wave  (Figure  33). 

Comparison  of  Actual  and  Predicted  Sine  Wave  Outputs.  The  deri¬ 
vation  of  the  predicted  output  wave  shape  for  a  given  set  of  conditions 
was  given  in  Chapter  III.  Figure  35(a)  shows  the  actual  output  wave 
shape  for  the  same  set  of  conditions.  Both  the  theoretical  and  experi¬ 
mental  wave  shapes  are  plotted  for  comparison  in  Figure  36.  The  shapes 
of  the  two  waveforms  correspond  very  closely  hut  their  magnitudes  do  not. 
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FIGURE  35 

Oscilloscope  Photographs  Shoving  Output  Wave  Shapes 
Used  for  Comparison  with  Predicted  Output  Wave  Shapesi 
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Tor  the  negative  half  cycle,  the  theoretical  peak  vae  -10  kv 
while  the  actual  peak  wae  -13 >5  kv.  If  we  go  to  the  average  DC 
characteristics,  (Figure  11)  for  Va=  8.55kv,  which  was  the  peak  in¬ 
put  voltage,  we  find  that  I0  ranges  froa  -110  to  -1?0  pa.  Had  a 
value  of  -170  p  a  (instead  of  -130  pa)  "been  selected  as  the  aaxiatua  IQ 

for  the  theoretical  analysis,  then  a  peak  value  of  V0  of  approximately 
-13*1  kv  would  have  been  found.  For  the  positive  half  cycle,  the  theo¬ 
retical  peak  was  4.5  kv  and  the  actual  peak  was  12.5  kv.  .  Applying  the 

same  argument  as  before,  for  Va«  -8.55  kv,  Io  ranges  froa  25  to  115  pa. 

Had  the  value  of  115  P&t  instead  of  38  pa,  been  used  to  predict  Y0,  a 

peak  value  of  Y0  of  approximately  13.6  kv  would  have  been  found.  These 

facts  represent  sufficient  justification  to  attribute  the  large  discrep¬ 
ancy  in  the  theoretical  and  experimental  peak  output  voltage  to  the 
accuracy  of  the  average  DC  characteristics. 

The  difference  between  the  positive  and  negative  ion  DC  character¬ 
istics  then  explains  the  fact  that  the  positive  theoretical  peak  (or  the 
area  under  the  positive  half  cycle  of  the  curve)  is  less  than  the  negative 
peak  (or  the  area  under  the  negative  half  cycle  of  the  curve).  This  is 
equivalent  to  a  negative  DC  component  in  the  output  voltage. 

Comparison  of  Actual  and  Predicted  Square  Wave  Outputs.  The  deri¬ 
vation  of  the  predicted  output  wave  shape  for  a  given  set  of  conditions 
was  given  in  Chapter  III.  Figure  35(b)  shows  the  actual  output  wave 
shape  for  the  same  set  of  conditions.  Both  the  theoretical  and  experi¬ 
mental  wave  shapes  are  plotted  for  comparison  in  Figure  3?«  As  was  the 
case  with  the  comparison  of  the  sine  wave  outputs,  the  shapes  of  the 

two  waveforms  correspond  quite  closely  but  their  magnitudes  do  not. 

78 


GA/Phys  /  63-H  ,  12 

Considering  the  negative  half  cycle  as  before,  the  theoretical 
maximum  was  -14  kr  and  the  actual  maximum  was  -1?.5  kr.  For  a  peak 
input  voltage  of  9.2  kv,  from  the  average  DC  characteristic  (Figure  11), 
the  highest  I0  is  -180  pa.  If  this  figure  had  been  used  instead  of 
-143  pa  in  the  analysis,  the  maximua  value  of  70  would  have  been  -17.6 
kv.  How,  for  the  positive  half  cycle,  the  theoretical  maximum  was  5*5 
kv  as  opposed  to  the  actual  maximum  of  16  kv.  Once  again,  from  the 
average  DC  characteristic  for  Va«-9.2  kv,  the  highest  I0  is  130  pa. 

If  this  value  had  been  used  instead  of  54  pa,  the  predicted  maximua  V0 
would  be  13.2  kr,  slightly  lower  than  the  value  actually  obtained. 

Once  again,  the  discrepancy  between  the  two  curves  can  be  attributed  to 
the  spread  of  the  DC  data  and  the  accuracy  of  the  average  DC  character¬ 
istic. 

Comparison  of  Actual  and  Predicted  Step  Function  Outputs.  The 

derivation  of  the  predicted  output  wave  shape  for  a  given  set  of  conditions 

was  given  in  Chapter  III.  Figure  38  shows  the  actual  output  wave  shape 

for  the  same  set  of  conditions.  The  theoretical  and  experimental  (data 

taken  from  Figure  33(a))  wave  shapes  are  plotted  for  comparison  in 

Figure  39.  The  two  are  seen  to  correspond  very  closely  both  in  shape  and 

magnitude.  The  reason  why  there  is  very  little  discrepancy  between  the 

theoretical  curve  and  the  experimental  curve  lies  in  the  fact  that  a 

different  method  was  used  in  the  analysis.  The  prediction  of  the  output 

voltages  for  the  square  wave  and  the  sine  wave  was  based  on  the  average 

DC  characteristic,  but  the  prediction  of  the  output  voltage  for  the 

step  input  was  not.  It  was  based  on  the  experimental  value  of  V0 = 

-16.2  kv.  If  7»8  kv  had  been  the  criterion,  then,  from  the 
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Oscilloscope  Photographs 
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Output  Wave  Shape  for  Step  (Exponential)  Input 


FIGURE  40 

Oscilloscope  Photographs  Showing  Unusual 
Output  Wave  Shapes  for  Square  Wave  Input 
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average  DC  characteristic  (figure  11),  V0  would  have  teen  -12  kv  or, 
for  the  upper  Holt  of  the  DC  characteristic,  -15. 5  kv.  The  theoretical 
curve  appeared  to  build  up  more  quickly  than  the  experimental.  This 
effect  is  equivalent  to  a  time  lag  in  the  experimental  wave  shape  vhieh 
is  fully  discussed  in  the  next  section. 

Unusual  Wave  Shapes.  Throughout  the  experimental  phase  of  the 
investigation  unusual  output  wave  shapes  would  occasionally  occur.  Out¬ 
put  wave  shapes  for  the  sine  wave  input  invariably  showed  a  great  deal 
of  distortion  and  typical  wave  shapes  are  shown  in  figures  31,  33,  and 
35«  Two  output  wave  shapes  which  are  typical  of  a  BC  circuit  for  a 
square  wave  input  are  shown  in  figure  40.  At  50cps,  the  output  is  seen 
to  resemble  a  sine  wave,  while  at  70  cps  it  in  seen  to  resemble  a  tri¬ 
angular  wave.  These  wave  shapes  have  little  significance  in  this  study 
and  are  pointed  out  as  a  matter  of  interest  only. 

Output  Voltage  for  a  Step  Input 

Determination  of  Input  and  Output  Time  Constants  and  Output 

Capacitance.  The  output  voltage  data  (Table  IV)  for  a  step  input  was 

gotten  from  the  oscilloscope  photograph  shown  in  figure  38  (a).  The 

natural  logarithm  of  (V0#ax  -V0)  and  the  natural  logarithm  of  (V.-.-.-Vo) 

were  both  plotted  against  t.  These  curves  are  shown  in  figure  hi.  The 

slope  of  the  straight  line  portion  of  the  curve  is  equal  to  -1_  .  There- 

RC 

fore  we  get  RjC^=1.57  ®*ec  from  the  input  voltage  curve,  where  RjC^ 
represents  the  generator  input  time  constant,  and  RjC0  =  5.56  msec  from 
the  output  voltage  curve.  Then,  since  the  load  resistance  R^m  100  megohms, 
the  output  capacitance,  C0  u  55.6  ppf. 


FIGURE  41 


Variation  of  Attractor  and  Output  Voltages  with  Time  for  Step  Input 
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The  oat pat  capacitance  as  measured  with  a  Q  meter  was  found 
to  be  69.1  ppf.  This  measurement  was  made  at  several  kilocycles  and 
with  the  generator  not  operating,  The  value  of  55*6  ppf  was  consid¬ 
ered  to  be  the  true  dynamic  output  capacitance  of  the  generator  and 
consequently  is  used  in  all  calculations  throughout  this  report. 

Jgffect  of  Exponential  Input.  Due  to  the  input  capacitance  of  the 
generator,  the  attractor  voltage  was  not  a  true  step  function,  but 
exponential  as  shown  by  the  straight  line  of  the  (7amax_7a)  curve  of 
Figure  41.  This  resulted  in  the  rounded  portion  of  the  (Vomax“Vo) 
curve  which  was  calculated  theoretically  in  the  step  input  analysis  of 
Chapter  III  and  is  replotted  aB  log  (V0l>ai-V0)  versus  t  and  compared 
with  the  exponential  curve  in  Figure  42.  A  consistent  shift  to  the 
right  is  evident  in  the  experimental  curve  when  compared  with  the 
theoretical.  Since  the  theoretical  analysis  considered  only  the  effect 
of  an  exponential  input,  the  shift  in  the  curve  could  represent  a 'time 
lag  due  to  ion  current  build-up,  ion  diffusion  in  the  transport  region, 
and  ion  transit  time.  A  more  detailed  analysis  is  not  justified  since 
the  experimental  results  are  well  within  the  experimental  error.  Further, 
the  effect  of  the  non-linearity  of  the  direct  current  characterisitcs  was 
ignored  in  the  theoretical  analysis  and  this  would  undoubtedly  contribute 
to  the  difference  between  the  curves. 

Time  to  Reach  Ionization  Potential.  From  the  DC  characteristic 
(Figure  11),  a  value  of  ionization  potential  was  chosen.  This  value 
was  then  plotted  on  Figure  41  and  a  horizontal  line  drawn  to  intersect 
the  input  voltage  curve  Va.  The  intersection  of  these  two  lines  re¬ 
presents  the  point  where  ionization  occurs,  and  the  distance  along  the 
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FIGURE  42 


Effect  of  Exponential  Input  on  Output 
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abscissa  to  this  point  gives  the  tiae  for  the  attractor  voltage  to  reach 
Ionisation  potential.  When  the  theoretical  carve  was  drawn  on  Figure  42, 
Its  straight  line  portion  was  superimposed  as  closely  as  possible  on  the 
straight  line  portion  of  the  experimental  curve.  The  break  in  the  theo¬ 
retical  curve  is  seen  to  occur  at  2.1  asec.  This  is  the  saae  as  the  tias 
to  ionisation  which  resulted  froa  the  experimentally  selected  ionisation 
potential. 

Transit  Tiae.  Since  the  transit  tiae  is  approxiaately  0.06  asec 
(as  shown  in  Appendix  C) ,  it  will  produce  a  negligible  effect  on  the 
experiaental  curve.  Such  a  snail  tiae  interval  cannot  be  observed  on 
Figure  42  and  hence  its  effects  east  be  considered  within  other  delaying 
effects,  experimental  errors,  and  errors  due  to  the  assumptions. 

Output  Toltage  for  Biased  Alternating  Input 

of  Output  Capacitance  sad  Boll-off  Frequency.  The 
plot  of  output  voltage  versus  frequency  (Figure  43)  shows  a  constant 
output  up  to  a  certain  frequency  and  then  a  decrease  in  output  above 
that  frequency.  xhis  is  similar  to  the  plot  for  a  SC  filter  circuit. 

The  theoretical  decrease  for  a  HC  circuit  is  6  db  per  octave  which 
can  be  represented  by  a  straight  line  drawn  at  45°  on  a  log-log  plot. 
This  line  intersects  the  extention  of  the  horizontal  portion  of  the 
output  voltage  curve  at  the  roll-off  frequency  for  the  circuit.  From 
Figure  43,  the  roll-off  frequency  is  ssen  to  be  35  cps  for  the  two  runs 
plotted.  Sines  the  roll-off  frequency,  ffi,  is  given  by 

Tpa  X - 

2TTSLC0 
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than  the  output  capacitance,  for  a  load  reeletanee  -  100  negohms,  ie 

Coa  _ J_  s  — -  ■  -  *  .  a^5»5  Pf& 

2TTBLfH  2TTx  100  X  10°  x  35 

Thin  value  of  output  capacitaace  ie  10.1  pfsl  or  I8$f  lower  than  the  value 
obtained  froa  the  step  input  data. 

Comparison  of  frequency  and  Wave  Shape  with  Unbiased  Input.  The 
output  wave  shape  was  auch  closer  to  the  input  wave  shape  for  the  biased 
case  than  for  the  unbiased  case.  This  was  expected  since,  in  the  unbiased 
case,  the  input  voltage  aust  build  up  to  ionization  potential  before  any 
output  is  possible,  while,  in  the  biased  case,  there  is  continuous  ioni¬ 
sation  and  hence  all  changes  in  the  input  are  iaaediately  reflected  in 
the  output.  It  is  therefore  possible  to  operate  the  generator  at  a 
higher  frequency  (say  a  few  hundred  cycles)  and  still  obtain  a  reasonable 
wave  shape  (figure  44).  The  limiting  factor  is  the  output  capacitance. 
The  photographs  of  figure  4 5  show  a  comparison  of  biased  and  unbaised 
operation  at  a  frequency  of  10  cpe.  It  must  be  remembered,  of  course, 
that  when  operating  biased  the  output  does  not  alternate  about  ground 
potential.  To  obtain  only  the  alternating  output  a  blocking  capacitor 
could  be  used  in  the  output  circuit. 
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Oscilloscope  Photographs  Showing  Variation  of  Output 
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VI.  Conclusion! 

A  number  of  conclusions  which  may  be  drawn  from  the  results  of  this 
study  are  listed  below.  The  first  seven  are  Talid  for  any  BED  generator, 
while  the  remaining  two  apply  only  to  the  generator  investigated. 

1.  AC  power  generation  with  an  HID  generator  is  quite  feasible. 

The  output  power  levels,  however,  are  lower  than  those  which  can 
be  obtained  from  the  same  generator  with  a  DC  input. 

2.  The  frequency  for  maximum  output  power  from  an  BED  generator  is 
zero,  i.e.  direct  current.  As  the  frequency  increases  from  sero 
the  output  power  drops  off.  The  optimum  frequency  for  any  5® 
generator  would  depend  on  how  the  output  was  to  be  used.  If 
the  output  was  to  be  transformed  before  it  was  used  then  the 
output  power  would  have  to  be  compromised  in  favor  of  a  higher 
frequency  to  ensure  good  transformation. 

3.  For  a  given  BUS  attractor  voltage,  a  sine  wave  input. gives  a 
greater  output  power  than  a  square  wave  input.  If,  however, 
the  same  peak-to-peak  input  voltages  are  used  then  the  square 
wave  gives  the  greater  output  power. 

4.  The  quasi-Btatic  assumption  is  valid  for  low  operating  frequen¬ 
cies.  This  waB  verified  by  the  good  results  obtained  in  the 
prediction  of  output  voltages. 

5.  Self-sustained  oscillation  of  an  HID  generator  is  theoretically 
possible  and  with  a  suitably  designed  generator  might  be  prac¬ 
tical.  Since  the  auxiliary  equipment  requirements  were  so 
stringent  for  the  feed  back  circuit  of  the  MD  generator  used,, 

s elf -sustained  oscillation  was  not  practical  in  this  case. 
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6*  Maximum  output  power  is  obtained  for  some  specific  value  of 
load  resistance  when  the  BED  generator  is  operated  with  aa 
alternating  input.  Tor  the  ED  generator  used,  the  optima 
load  was  found  to  he  between  100  and  150  megohms.  This  is  in 
good  agreement  with  the  results  found  by  Wheeler  (Bef  7:52) 
for  the  DC  case. 

7*  AC  power  generation  with  a  biased  alternating  input  is  feasible 
and,  in  fact,  has  some  advantages  over  unbiased  operation.  The 
output  wave  shape  closely  resembles  the  input  wave  shape  and  the 
attenuation  and  distortion  of  the  output  with  frequency  is  much 
less  in  the  biased  case.  These  factors  might  well  make  voltage 
amplification  at  low  frequencies  practical. 

8.  The  assumption  that  the  output  capacitance  CQ  was  the  only  sign¬ 
ificant  effect  other  than  the  ionization  potential  which  caused 
distortion  of  the  output  wave  shape  was  Justified.  The  good 
results  obtained  from  the  use  of  the  differential  equation  with 
the  step  input  verified  this.  It  was  further  verified  in  the 
biased  runs  where  the  output  was  found  to  be  rapidly  attenuated 
over  35  cps.  If  the  output  capacitance  had  not  existed,  a  max¬ 
imum  frequency  of  around  8  kc  would  have  been  expected. 

9.  The  generator  used  in  this  study  had  three  major  shortcomings 
which  limited  the  depth  of  experimentation  possible.  First, 
voltage  breakdown  within  the  generator  forced  premature  cut-off 
on  many  of  the  runs,  second,  the  output  capacitance  of  the  gen¬ 
erator  imposed  a  low  maximum  frequency  of  operation,  and  third, 
day  to  day  variations  in  the  generator  and  air  supply  character- 
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lzed  by  the  vide  spread  in  the  DC  characteristic  data  Bade 
it  virtually  impossible  to  relate  the  performance  of  the 
generator  to  a  standard  condition* 
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VII.  Becommendatlona 

The  field  of  AC  power  generation  "by  electro-fluid  dynamic  energy 
conversion  is  worthy  of  further  study.  Specific  recommendations 
arising  from  the  investigation  are  as  follows: 

1.  Although  the  generator  used  in  this  study  would  have  very  little 
value  in  further  investigations  with  an  alternating  input,  it 
would  he  well  worthwhile  to  design  and  build  a  new  generator  for 
this  purpose.  In  addition  to  improvements  in  aerodynamic  effl- 
cency,  ion  generation  and  collection,  and  voltage  breakdown 
elimination  an  attempt  should  be  made  to  minimise  the  output 
capacitance.  By  proper  design  of  the  collector  it  should  be 
feasible  to  reduce  the  output  capacitance  by  a  factor  of  six 

to  ten. 

2.  Since  variations  in  flow  conditions  strongly  influence  the  elec¬ 
trical  performance  of  an  BSD  generator,  the  possibility  of 
closely  regulating  the  temperature  and  moisture  content  of  the 
air  supply  should  be  considered. 

3.  Power  generation  with  a  biased  alternating  input  should  be 
investigated.  In  addition  to  an  expected  improvement  in  out¬ 
put  wave  shape  and  frequency  response,  high  output  levels  may 
be  possible  because  of  the  continuous  ion  current  flow.  Also, 
the  feasibility  of  separating  the  AC  and  DC  components  of  the 
output  so  that  both  may  be  separately  utilised  should  be  deter¬ 
mined. 
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4.  Self-sustained  oscillation  of  an  3LD  generator  should  he  ex¬ 
amined.  For  a  generator,  designed  specifically  for  AC 
operation,  the  additional  circuitry  required  for  oscillation 
would  not  he  as  unique  as  that  required  for  the  generator  used 
in  this  study. 
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Appendix  A 

High-V oltage  Alternating  Power  Source  Specifications  and  Design 

To  carry  out  this  study,  an  alternating  power  source  was  required 
that  would  produce,  sine  and  square  wa re  outputs  of  0  to  20,000  ▼  p-p  at 
frequencies  froa  SC  to  100  cps.  Several  Assigns  were  investigated  which 
included  staged  amplification,  aultlvihration,  crow-har  switching,  &.F 
pulsing  and  rectification,  and  mechanical  commutation.  The  design  which 
was  chosen  was  a  single-stage,  high-gain  amplifier  powered  hy  a  30  kv, 

1  ma  SC  power  supply  and  driven  hy  low  voltage  sine  and  square  wave 
signal  generators.  The  final  configuration  of  this  amplifier  as  designed 
and  huilt  hy  the  authors  is  shown  in  the  schematic  of  Figure  A  1,  and  the 
photographs  of  Figure  A  2. 

The  completed  power  source  gave  square  and  sine  wave  outputs  of  0  to 
20,000  v  p-p.  The  voltage  gain  was  of  the  order  of  2000.  The  frequency 
range  over  which  the  distortion  in  the  output  ware  shape  was  low  was  10 
to  100  cps  for  the  square  wave,  and  10  to  200  cps  for  the  sine  wave.  The 
output  power  was  approximately  10  watts.  Since  the  input  capacitance  of 
the  generator  was  around  50  uuf  with  a  HC  time  constant  of  1.57  msec..  The 
amplifier  did  not  have  sufficient  output  power  to  drive  it  at  high  fre¬ 
quencies  without  distortion  of  the  wave  shape.  The  limiting  frequencies 
were  therefore  50  ops  for  the  square  wave  and  100  cpe  for  the  sine  wave. 

The  6BK4  tube  of  the  amplifier  gave  off  x-rays  at  voltages  over 
14,000,  so  it  was  necessary  to  shield  the  tube  with  sheet  lead.  This 
was  removed  when  the  photograph  was  taken  to  allow  a  clearer  view  of  the 
circuity. 
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*L 
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List  of  Components 
6BK4  Vacuum  Tube 
Capacitor,  l.Q  uf ,  400  v 
Electrolytic  Capacitor,  50  5°  T 

Tubular  Capacitor,  0.01  uf,  30 »000  ▼ 

Resistor,  3  megohm,  1  watt 
fiasistor,  1  kilohm,  1/2  watt 
22  Resistors,  1  megohm,  2  watt 

10  Carbon  Film  Precision  Resistors,  10  megohm,  1/2  watt 
Precision  Resistor,  1  megohm,  2  watt 
DC  Power  Supply,  3°  kT*  10  ma 
Filament  Transformer,  6.3  v»  0.2  amp  (not  shown) 


FIGURE  A1 

The  High-Voltage  Power  Source 
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Appendix  B 

Batesltoft  st  flttat  lailaass 

1st  grttwW  aai  aum 

lias  **▼»  inpgt 

%ls  section  civet  a  detailed  derivation  of  an  expression  for  t0  aa 
a  function  of  tine  (  or  phase  ancle  )  for  a  einoeoidal  inpat  at  a  civen 
net  of  epnratinc  conditions.  The  operatinc  coalitions  selected  were: 
f  =  10  ope  or  u>  b  20  TT 
\=  17.1  kv  p-p 
aL=100  aecohne 
Therefore,  ve  have 

Vs  8.55  »ia  20  IT  t 

or,  sines  it  is  nor#  convenient  te  deal  with  ancles, 

Tm*  8.55  ala  «*it 

30°  intervals  for  out  were  taken  and  instantaneous  values  of  Ta  were 
found.  These  are  tabulated  in  Table  I.  Correa pond inc  values  of  X0  were 
found  from  the  DC  characteristic,  Picture  11,  and  these  axe  also  shown  in 
Cable  I. 

An  approximate  expression  for  I0  as  a  function  of  att  was  derived 
bp  Courier  analysis.  The  nethod  used,  the  12  -  Ordinate  Method  (Bef  4:473) , 
is  shewn  below.  Where  I0  is  a  periodic  function,  ws  can  write; 

I0  (cot)*  jag+a^  ein  cot ♦  ai»  2«*t+.  .  raB  ein  not 
+b^  ooe  u>t+b2  com  2cet  +  .  .  .+ba  ooe  ncut]x  10“^ 
where  a^,  a^,  a2,  &Q,  bx,  b2,  ba  are  given  by  the  following  express¬ 
ions  in  terns  of  y0,  ylf  y2, . PX1>  *4e  inatan  tan  sous  values  of 

X0  in  micro  nape  corresponding  to  the  values  of  U»t  of  0°,  30° ,60°.... 330°, 
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*aSl_  (y0,*,yi+3r2+  *  *  *  *+3rn* 

0  12 


(0+0  -75  -130  -75+ 0*0+0  -20  -38  -20  -  0) 


=  -16.83 


*1*^  [(r3  -79)+  0.866  (72+ 74.  -  78  -  7io> 

+  0.5  (73  +  75  -  7?  -  732)] 

[(-130  -38)+ 0.866  (-75  -75  -20  -20)+0.5  (0*0-©-0)] 


=  -55.5 


*2=0.1443  (71+72  +  77+73)  -  (74+75*71o-+7n)] 

-0.1443  ‘(0  -75+0+20)  -  (-75+0+20+0)] 

=0 

[(73+75  +  79)  -  (73+77+733)] 

=  J  [38+130] 

=  28.0 

■4=  0.1443  [(73+  74+  77+710)  -(72+75+  78+7il)] 

=  0.1443  [(0  -75  +  0  +20)  -(-75  +  0+20+0)] 

=  0 

*5,^  [(73  -79)  +  0.866  (78+  7io  "72  -74) 

+  0.5  (73+75  -77  -733)] 

i  F  (-13°  -38)+ 0.866  (20+20+75+75) 

*  t  4 


+  0.5  (0+0  -0  -0)] 


=  -0.55 
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[(y0  -76)  +  0*366  (yi-vyn  -y^  y7) 

+0.5  (y^yio  -y4  -7a)]  # 

[  (0  -0)  +0.866  (o+o  -o  -o) 

+  0.5  (-75  +  20  +  75  -20)] 

*0 

[(3r°  +  76)+ o.5  (yx+  y5+  y7+  txi) 

-0.5  (72+74+73+710)] 

s<|  [(0+0)+0.5  (O+O+O+O)  -0.5  (-75  -75+  20  +*»] 

*9.16 

>3.  £  [  (y„+  74 + y^  -<72+  y6+  yio)] 

,1  [  (0-75  +  20)  -(-75  +  0+20)] 

*0 

[  (y0+y3+y6+y^  -°-5  (yi+y2+y4 

+y5+y7+y8+yio+7n)] 

[(0-130+0+38)  -0.5(0-75  -75+0 
+0  +  0  +  20  +  20  +  0)] 
b  — 6.16 

[(y0  -76) +0.866  (y5+y7  -yx  -yn) 

+  0.5  (72  +  710  “74  -78>] 

[(0  -0)  + 0.866  (0*0-0  -0)+0.5  (-75+20+75  -20)] 


,  aobaltution  ylalla 


X#  (tt»t>«[-l6.83  -55.5  ala  cut +  28.0  tin  3 cat 

-0,55  ala  5cut  +  9.l6  eoa  2  utt  -6.16  00a  4t*t 
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low,  the  differential  equation  of  the  generator  is, 

[o  + 


dY„  ^  1  V0  -  Ip  _  0 


«t-  T  Sj,C0 
and  ita  solution  is 

/*.***  c-2) 


/ 

o 

Substitution  of  (B  -  1)  into  (B  -  2)  yields 

T0(t)„  10~6»  ^  0  rx  #  *  ^lC#[-i6.83  -55.5  aia  cot 

6 

+  28.0  sin  3<*>t  -0.55  *i»  5<*>t  +  9.l6  cos  2 cot  -6.16  cos  totjdt 
If  we  Intergrate  and  simplify,  than, 

To(*)*%  *  l0”6  £-16.83  (1-  B)  -  ^55.5^  Jain  cat 

-  B  ^+_28J.0_  f 

J  (1  +  91Z)  Is 


(cos  u>t 


-3  A.  (cos  3t»t  -B) 


0.55 


win  3  u»  t 
j’sln  5  u»t 


(1+2562) 

-5  A  (cos  5  cut  -B)l  +  9.16  f  (oos  2  cot  -B) 

i  (l+4A2)  l 


+2  Asia  2  oo  tl  -  6,16  f 

J  (1+  16A2)  | oos  6  cot  -B) 

+4  Asin  4  u>  tjj 

where  A*  ojElC0  and  B  *  6  -t/EI«co  (B  -  3) 

Subsitutlon  of  C0«55.6  x  10-12,  H^wlp®,  <0*2011  and 

A«c*elC0=  20TTx108  x  55.6  x  10"12*  0.3493 
into  (B  -  3)  yields 
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▼0  (tt>t)*102  [-16.83  (l-B)  -49.4  •[•in cot 

-0.3493  («>•  uot  -  B^+ 13.34  {sin  3u>t 
-1.04?  (cob  -  B)}  -0.1358  {■in  5»«t 

-1.745  (cob  5cot  -  B)}+6.16  {(cos  2«>t  -  B) 
+0.6986  Bin  2  lot}  -2.085[(coa  4u»t  -B) 

+1.3972  Bin  4cnt}J 

d».  B".  (BO.) 

After  the  oatpat  voltage  ia  established,  t  approaches  ee 
and  B  in  (B-4)  approaches  0. 

Ve  can  then  write 

T0(  out)  =  102  [-16.83  -49.4[sin«ot  -  0.3493  oaewt} 
+13.34 {Bin  3  -  1.047  cob  3»t} 

-0.135&(ein  5  <*>t  -  1*745  cob  5«»t} 

+6. 16 -[cob  2  w  t +0.6986  Bin  2u»t} 

-2.085{cob  4  wt +  1.3*72  sin  4iot}J  (B-5)- 

Tor  cut  intervals  of  15° ,  values  of  Y0  were  found  fro* 

(B-5)  usinc  the  IBM  1620  computer.  The  computer  output 
is  shown  in  Table  II  and  the  wave  shape  is  plottsd  as 
the  theoretioal  curve  in  ficure  36. 
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liBU  Z 


I0  Coeffioieute  for  Oatjat  Yolta«e  Pradictloa 
Jot  Sine  Vara  laput 


tut 

v.(fcr) 

T. 

0 

0 

0 

*0 

30 

4.2? 

0 

*1 

60 

7.40 

-75 

*2 

90 

8.55 

-130 

*3 

120 

7.40 

-75 

*4 

150 

4.27 

0 

*5 

180 

0 

0 

*6 

210 

-4.27 

0 

*7 

240 

-7*40 

20 

*8 

270 

-8.55 

38 

*9 

300 

-7.40 

20 

*10 

330 

-4.27 

0 

*11 

TABLE  II 


Computer  Data 

Predicted  Output  Voltage  for  Values  of 
Phase  Angle  for  Sine  Wavs  Input 


Values  of  V0  are  given  in  volts. 

Unidentified  numbers  in  table  represent  phase  angle  in  degrees. 


0 


V0  0F  WT  - 

-922.96 

15. 

V0  0F  WT  - 

-954.03 

30. 

V0  0F  WT  - 

-819.30 

45. 

V0  0F  WT  - 

-1393.39 

60. 

V0  0F  WT  - 

-3256.89 

75. 

V0  0F  WT  - 

-6114.66 

90. 

V0  0F  WT  - 

-8795.11 

105. 

V0  0F  WT  « 

-9963.76 

120. 

V0  0F  WT  - 

-9049.41 

135. 

V0  0F  WT  » 

-6636.00 

150. 

V0  0F  WT  - 

-4007.72 

165. 

V0  0F  WT  - 

-2250.30 

180. 

V0  0F  WT  - 

-1628.04 

195. 

V0  0F  WT  - 

-1627.76 

210. 

V0  0F  WT  - 

-1481.39 

225. 

V0  0F  WT  - 

-694.90 

240. 

V0  0F  WT  - 

733.37 

255. 

V0  0F  WT  - 

2408.16 

270. 

V0  0F  WT  - 

3780.12 

285. 

V0  0F  WT  - 

4387.40 

300. 

V0  0F  WT  - 

4025.96 

315. 

V0  0F  WT  - 

2826.31 

330. 

V0  0F  WT  - 

1225.40 

345. 

V0  0F  WT  - 

-183.05 

360. 

V0  0F  WT  - 

-922.98 

! 
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Souare  gave  Input 


This  ■action  gives  a  detailad  derivation  of  an  expression  for  V0 
as  a  function  of  time  (or  phase  angle)  for  a  square  wave  input  at  a 
given  set  of  operating  conditions.  The  operating  conditions  selected 
were 

f  «=  10  ope  or  60  —  20  TT 
Vg-18.4  lor  p-p 
100  aegohas 
Therefore,  ve  have 

f  9.2,  0  <  tot  <  TT 

Y^{-9.2,  TT<u»t  <  2TT 

Tree  the  DC  characteristic  (Tigure  11)  ,  we  can  write 


xoa 


r  -6 

-143  i  10  , 

'  _6 

.54  i  10  , 


o<wt  <TT 

TT<tt»t  <  tir  (B  -  6) 

The  solution  of  the  differential  equation  of  the  generator  in  the 
saae  as  Before , 


▼o  (*)-  — 


-t/HLCfl 


t/»LC0 


Ie(t)  dt  (B  -  2) 


Substitution  of  (B  -  6)  into  (B  -  2)  yields 


-143x10 
54  x  10 


-6 

-6 


t/BLC0 

C  dt,  0<at<1T 

»/Vo 

«  dt,T<et  <  2TT 


If  we  integrate,  then 
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T.  (t)  -J 


-143 


10"6  (  l-e"t/BLS,  0<urt  <TT 


54  x  10"6  (1  -  ttcoh  <  2  ft 

C*-7) 

l«k(intl«  of  c0- 35.6  X  10“U,  Ij.-io*  Md(tt«20ir  iato 
C»-7)  yleido 


T0  ( u>iW"-i43  x  102  (l~«  “t^°*3*93), 
54  x  io2  (i-e"^0*3493). 


O  <u»t  <TT 
1T<co«  <2TT 

CB-8) 


Tor  cut  laterrala  of  30°,  ralaaa  of  V0  wars  found  froa  (B-8) .  fheoe 
ara  tabulated  la  fable  III  aad  the  aaae  shape  io  plotted  as  the  theoaret- 
leal  oarre  la  vi|m  37* 
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TABU  III 


Pr«&i«tad  Ootpat  Tolt^a  far  Sfoar*  Kara  lapat 
o)t.°  X,,  (art).  kf 


0 

0 

30 

—11.12 

60 

-13.59 

90 

-14.14 

120 

-14.27 

150 

-14.30 

i 

180 

-14.30 

(0) 

210 

4.20 

1 

i 

240 

5.13 

270 

5-34 

300 

5.39 

330 

5.40 

360 

5*40 

( o >  : 
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ll»g 


This  section  (Itii  a  detailed  derivation  of  an  expr  Melon  for  T@  ae 
a  function  of  tine  for  a  atep  inpat  at  a  given  aot  of  operating  conditlone. 
Ia  this  derivation,  the  ion  enrrent  ie  assumed  to  he  a  linear  function  of 
attractor  voltage  above  the  ionisation  potential  and  therefore  the  DC 
characteristic  ie  not  need.  The  operating  eoaditioae  selected  were: 

T0  *  16.2  kv 


Bj,  =  100  megohms 


»-3 


BjC^  -  1.57  I  10'  IN  (fron  P.  8h) 

Since  the  inpat  of  the  generator  is,  in  fact,  aa  BC  network,  for  a 
step  input  we  may  write 

T.(t)  *  \  ^{1  -  e"t/illCl) 


and,  therefore,  hgr  oar  ae sumption, 

I0(*)«  (l-e~*/BlCl)  (B-9) 

the  solution  of  the  differential  equation  of  the  generator  is 


▼o«), 


-t/»Lc o  r* 

o;  J0 


t/BlCc 


I0(t)  dt  (1-2) 


Sahsitution  of  (B-9)  into  (B-2)  yields 
-I/BlCo 


▼o(*)a-S- 


/‘ 


t/*LC0 

e  x. 


-t/BiCi 

(!-•  )  4t 


If  we  intergrate  and  simplify,  then 


▼o  (*)  -  X 


-t/Bi^  -t/Vo 

x  •  5.  -  U-i _ )• 

1  %,co  * 


d-io) 
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Subeitution  of  Z0  MX  Bj,«Y0  ^16.2  x  1(P,  BiCi“1.57  x  10~^ 
ui  %C0  =  5.56  x  lo"3  into  (B-10)  yields 

».(.)=  16.2  .  103 

L  (B-U) 

The  transport  phenomena  discussion  utilises  this  result  hat  in  ths 
following  slightly  different  fora: 

_  r  10^/5.56  -io3t/i.5?i 

(Y0  mx^o)  *  *  W3  [1.393«  “  0.393*  J 

CB-12) 

Values  of  Y0  and  (Y0  mx  -Ye)  vers  calculated  for  values  of  t  up 
to  10  msec.  There  are  tabulated  in  Tattle IT -and  the  wave  chape  (Y0 
versus  t)  la  plotted  aa  the  theoretical  curve  la  Ti*ure  39. 
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ViBZJ  IT 


Predicted  Output  Toltace  for  Stop  Impat 
*«  —O’  — Iftfc  fcf.  .  (Tn  BOX 


0 

0 

16.20 

0.25 

0.05 

16.14 

0.5 

0.18 

16.01 

1.0 

0.70 

15.50 

1.5 

1.43 

14.77 

2.0 

2.22 

13.98 

2.5 

3.11 

13.10 

3.0 

3.97 

12.23 

3.5 

4.89 

11.31 

4.0 

5.68 

10.52 

5.0 

7.30 

8.90 

6.0 

8.67 

7.53 

7-0 

9.87 

6.33 

8.0 

10.90 

5.29 

9.0 

ll.?4 

4.46 

10.0 

12.46 

3*74 

ii4 ! 
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Appendix  C 

Tlow  Parameters  In  the  Transport  Sexton 
Fluid  Telocity  Calculations 

The  following  calculations  are  based  on  Wheeler' s  assumed  average 
Talus  of  Mach  lumber  of  1.4  throughout  the  transport  region  (fief  7:53) » 
Also,  the  aTerage  T0  is  taken  as  40°P  sad  for  iseatrep&e  flew  af  a  per¬ 
fect  gee  y  =  1.4 

V  ov, 

*»  - 


where  T*  fluid  temperature  in  transport  region 
T0  ■  stagnation  temperature 
M  m  Mach  Humber  is  transport  reel on 


Then 


T.  *00 

"  1+Q.2  (1.4) 


T 


359°H 


low  the  Telocity  of  sound,  c«49.1  «  930  fps 

and  N.  Jx _  where  Yf  s  fluid  Telocity  is  transport  reel  on 

o 

therefore,  Yf  =  M  x  c*1.4  x  930 ■  1302  fpa 
Fluid  Density  Calculations 

/Oo  (1  +  /  -1  M2)  A" 


where  o  *  the  stagnation  density 

But  jo o  -  Fo  -  164.7  x  144  «  0.890  lbm/ft3 

'  ”  BT0  53.3  i  500 

Therefore  the  density  of  fluid  in  transport  region  is 

,  0.389  lbm/ft3 
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iBffiill  CalcmatloB 


s  transit  Telocity  of  ions 
If  s  fluid  velociey 
a  s  drift  velocity  of  lone 

Then, 

Yt-Vf  •*  a  (C-l) 

and, 

u  »  ki  (fief  6:2  )  (0-2) 

where 

a  ion  mobility 

I»  1.6  x  10"4  a/aec  for  positive  ions  end 

.  volt /a 

1=2.2  x  10"4  a/tec  for  negative  ions, 

volt/a 

x> l-  density  of  air  at  0°C  A  ?60  -a  H«,X  I  W  % 

'o  0  530  *  (Wo+32) 

*  0.0807  lba/ft3 

But  /Os  O.389 

Then  k** 3.32  x  10“5 

and  k“*  4.56  x  l(f5 

Iron  Oourdlne  (fief  1:2),  taking  the  ease  for  aaxiaua  power,  we 
cot 

%.  m  -1  [l-J  (1-x)  *] 

where  ^ 

Xx  a  h  k  and  1*«  electrlo  field  etrencth  at  position 
▼f 

x  in  the  transport  recion 
r*  L 

Bow,  for  optlaoa  operation,  7*1.00 


GA/Phjr»/63-ll,  12 


Sdbstitation  Of  (C-3) 


into  (C-l)  gives 


Tt«Tf + 


than, 

is  = 

dt 


or 


(C-3) 


Therefore,  under  maxi mu*  power  conditione  the  ion  transit 
tine  tra  0.0641  nsec. 

In  general, 

$  <  *r  <  oo 
vf 

Since  when  =  0  ,  u. ■  0 

so  Yt=Vf  ,  and  tr,L  s  0.032  nsee. 

vf 


and  at  saturation  us 7^ 

so  V.=  0  and  t  — ►  OO 
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Appendix  D 

generator  3elf -Sustained  Oscillation  Calculations 


As  explained  in  the  text,  a  wave-shaping  task  circuit  is  required 
in  the  output  circuit  of  the  generator  to  attain  a  suitable  feed-back 
signal  for  oscillation.  The  circuit  for  oscillation  is  shows  in  figure 
S  1  and  operates  as  follows: 


The  start  pulser  applies  a  10  cps  signal  of  short  duration  to  the 
attractor  of  the  generator.  The  output  of  the  generator  sees  the  start- 
in  load  (several  aegohas)  and  so  an  output  voltage  builds  up.  The 
circuit  then  begins  to  resonate  and  the  output  resistance  thus  increases 
a^td  the  voltage  builds  up  higher.  At  this  point  the  starting  load  is 
shorted  out  and  the  resonant  resistance  of  the  tank  circuit  is  the  only 
output  load  on  the  generator.  Part  of  the  energy  in  the  tank  circuit  is 

fed  basic  to  the  attractor  to  sustain  the  oscillations.  Any  residual 
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energy  la  the  tank  circuit  it  available  as  output  at  the  terminals  of 
the  transformer  secondary. 

for  near  maximum  voltage  and  power  gain,  a  load  of  100  wtf-hmff  was 

found  necessary  at  a  frequency  of  10  cps.  Hence,  the  remomaat  resistamce 

of  the  tank  circuit  must  be  100  aegohaa. 

Then  =  co  q  =  100  aeghoms 

and,  mince  the  resonant  frequency  *  10  cps, 

1*  Q  100  x  106  _  1.6  x  106 

6.28  x  10 

If  a  q  of  100  (high  but  within  reason)  la  chosen,  then 

Lt  _  1.6  x  106  ,  16,000  h. 

100 

Vow,  at  resonance, 

^  ~  — i  ^  i*.— 

JwJTt 

Hence, 

C^-  1  ,  ,  0.0158  nf 

(6.28)*  (10)*  16,000 

An  alternate  calculation  would  be  to  find  q  knowing  the  energy 
available  and  Ct  : 

q  =  2TT  enenor  stored/cycle _ *  2TT  i  CT2 

energy  dissipated/cycle  Pj/f' 

=  6.28  x  i  ["0.OIS8  (14.1)2x  (103)2l-99.2  m»100 

L i7io J 

idiere  the  power  available  *=  1  watt  from  figure  26  and 
maximum  voltage  T m  14,100  from  figure  19. 
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Appendix  1 


Sine  ftTiifcaw  Mm 


Inrnxt  Power  Batlo 

To  obtain  the  theoretical  value  for  the  ratio  of  else  wave  In pat 

power  to  square  wave  Input  power,  the  square  of  the  voltace  la  lntecrated 

over  the  ionisation  recion  for  half  a  cycle  for  both  wave  shapes  and  the 

ratio  of  the  two  intecrals  is  then  the  required  power  ratio. 

for  a  6.5  kv  SMS  sine  ware  Input ,  the  input  woltace  T  *  T  sin  9 

where  Tmt,  6.5  -  9.2  kr 

0.707 

Therefore, 

V  -  9.2  sin  ©  and  Y2  »  84.5  »ln2  6 
If  loalsatloa  occurs  at  5.5  kr,  then 
6  «  sin  -lj.j  -  36.75° 

The  Halts  of  the  ionisation  recion  are  therefore  36.75°  and  143.25°. 

143.25°  143.25° 

Then  the  area  tnder  the  cure  ■  /  T2  d©  -  84.5  f  sin2©  d© 

36.75°  36.75° 

=  84.5  [*©-  isln28|f3,25  *  119.0 
36.75° 

for  a  6.5  kr  SMB  square  ware  inpat, 

the  area  under  the  carve  «  IT  x  (6.5)2  s  132.9 


Then,  Sine  ware  input  power  r  199 .Q  m  0.896 

Square  ware  inpat  power  132.9 

Output  Power  Batlo 

The  theoretical  value  for  the  outpat  ratio  is  found  hy  obtainlnc 

instantaneous  output  corrents,  I0,  from  the  DC  characteristics  (ficore 
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11),  plot tine  (I0)2  against  phase  ancle  6  and  ooaparing  the  area*  under 
the  curves.  The  areas  under  the  curves  are  computed  hy  adding  squares. 
This  process  is  shown  on  Figure  3GL.  A  value  of  I0*26  pa  is  chosen 
for  the  square  wave  "by  considering  the  spread  in  the  DC  characteristic 
and  choosing  the  highest  value.  The  ratio  thus  obtained  1st 

Sins  wavs  output  pewsg  _  -  _1122_  «  9.22 
Square  wavs  output  power  121.5 
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Appendix  T 

Original  feperlas ntal  Data 

the  following  data  Is  listed  'by  rone  which  are  nosbsred  chrono¬ 
logically  In  the  order  in  which  they  were  done.  Rune  noabered  1,  2, 

3,  10.  12,  13,  15,  and  18  are  not  lieted.  the  data  froa  these  rone  were 
discarded  due  to  Inaccurate  Instrumentation,  faulty  air  supply,  or 
ceaerator  failure  of  one  sort  or  another. 

The  unite  and  symbols  used  throughout  this  appendix  are  as  follows > 


Attractor  potential,  Va  .  .  .  . . lew 

Collector  potential,  TQ  .  lew 

Load  Basistance,  Sj, . aegohas 

Total  teaperature,  ?0 . °f 

Output  Currant,  X0  .  pm 

frequency,  f.  .  . . cps 

Power,  PL . watts 


The  total  pressure,  PQ,  was  aslataiaod  constant  at  150  pel*  for  all  ruas. 
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TABLE  V 


BUMS  44,5,6,  -  Peak-to-Peak  Output  Voltage  Bata  for  a  Sine  Ware  Input 


HUH  #6  Ej,  b  50  niegohaa  T0  as  40°T 


f  b  10  cpa 

f  s  20  epa 

f  « 30  epa 

▼a 

▼o 

▼a 

▼o 

Va 

*0 

18.5 

22.3 

18.8 

19.8 

19.4 

18.1 

1?.6 

a. 2 

17.8 

18.4 

18.2 

16.8 

16.2 

20.2 

16.2 

v.16.3 

16.8 

14.6 

15.4 

19.8 

14.8 

13.4 

14.4 

7.4 

14.3 

15.6 

14.0 

8.0 

13.8 

5.3 

12.7 

6.8 

13.0 

■  4.5 

11.8 

2.0 

11.2 

2.9 

11.9 

3.3 

10.4 

0.9 

9.6 

0.6 

9.8 

0.1 

9.7 

0.1 

9.1 

0.0 

8.9 

0.0 

9.5 

0.0 

HJV  #  4 

*1“ 

100  aegohaa 

To 

b  5o°r 

f  0  10  cpe 

f 

■  20  cpa 

1 

m.  30  cpa 

▼o 

▼a 

V0 

18.2 

29.4 

18.6 

24.3 

19.2 

23.2 

17.2 

27.9 

18.4 

24.7 

18.1 

22.1 

16.1 

26.6 

17.4 

23.7 

16.6 

18.6 

15.3 

25.4 

16.5 

21.8 

15.9 

15.4 

14.3 

21.5 

14.9 

16.4 

14.5 

9.6 

12.2 

8.1 

13.2 

6.0 

13.2 

6.1 

10.8 

2.3 

11.2 

1.5 

18.1 

21.2 

HUN  #  5 

*L  * 

200  aegohaa 

*o 

b  45  °T 

f  s  10  cpa 

f 

s  20  cpa 

fa 30  cpa 

Ta 

*0 

T. 

V0 

▼a 

▼o 

18.0 

37.2 

18.9 

28.5 

I8.3 

21.0 

17.6 

36.4 

18.0 

28.3 

17.9 

21.0 

17.0 

33.8 

17.8 

27.8 

17.2 

20.4 

16.0 

32.0 

16.4 

24.6 

16.2 

19.0 

15.0 

28.7 

15.9 

23.0 

15.4 

16.1 

13.6 

16.4 

14.3 

13.4 

14.4 

10.0 

11.5 

7.2 

11.9 

4.6 

12.9 

5.8 

9.9 

0.6 

10.5 

0.6 

11.0 

1.4 

7.0 

0.0 

10.0 

0.0 

7.1 

0.0 
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TABUC  VI 


HUH  #  7,  8,  11  -  Direct  Current  Characteristic  Data 
(Hl  -  100  aegohas) 


HJH  #  7 


Negative  Ions  ?o  "  25  °P 

Positive  Zone 

To  *  38°T 

▼a 

To 

lo 

Ta 

To 

lo 

5.60 

0.0 

0.0 

4.00 

0.0 

0.0 

6.75 

1.50 

15.0 

5.20 

0.60 

6.0 

7.00 

6.25 

62.5 

5.75 

2.50 

25.0 

7.50 

14.25 

142.5 

6.25 

4.0 5 

40.5 

8.00 

16.20 

162.0 

6.7 5 

3.50 

35-0 

8.50 

17.10 

171.0 

7.50 

6.00 

60.0 

6.95 

2.35 

23.5 

8.30 

11.25 

112.5 

9.00 

11.80 

118.0 

HUN  #  8 

I  Posit  ire  lone  To  *  18°? 


▼a 

To 

lo 

5.50 

0.0 

0.0 

6.25 

0.75 

7.5 

7.25 

2.25 

22.5 

7.90 

3.50 

35.0 

8.10 

7.10 

71.0 

8.60 

10.25 

102.5 

9.10 

10.50 

105.0 

10.00 

14.10 

141.0 

HUH  #  11  (a) 

negative 

Ions  T^»40“T 

Positive 

Ions 

*0  -  38*  P 

Ta 

To 

l* 

▼a 

To 

h 

6.46 

0.0 

0.0 

4.86 

0.8 

8.0 

7.42 

1.9 

19.0 

4.73 

0.0 

0.0 

7.65 

3.1 

31.0 

5.45 

1.1 

11.0 

8.15 

8.3 

83.0 

8.00 

3.9 

39.0 

8.42 

10.9 

109.0 

8.95 

5.4 

54.0 

9.06 

13.9 

139.0 

9.35 

8.1 

81.0 

9.26 

14.1 

141.0 

9.65 

10.1 

101.0 

9.65 

15.2 

152.0 

10.40 

11.3 

113.0 

10.80 

13.1 

131.0 
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HUM  #  11  (M) 

TABU  71 

(Continued.) 

Vocative  Ions 

imm 

Positive 

Iona 

■ 

T. 

T0 

Zo 

Va 

*0 

Zo 

5.40 

0.0 

0.0 

6.58 

0.0 

0.0 

6.01 

1.3 

13.0 

7.46 

2.2 

22.0 

6.38 

2.1 

21.0 

8.50 

2.6 

26.0 

6.69 

4.9 

49.0 

8.50 

3.4 

34.0 

7.00 

7.7 

77.0 

8.90 

3.7 

37.0 

7.38 

10.3 

103.0 

8.90 

4.4 

44.0 

7.78 

12.0 

120.0 

9.64 

4.9 

49.0 

8.39 

13.5 

135.0 

9.64 

7.8 

78.0  1 

9.05 

14.4 

144.0 

10.20 

9.9 

99.0  ! 

9.78 

15.3 

153.0 

10.20 

10.6 

106.0  j 

10.40 

12.4 

124.0  1 

10.80 

12.8 

128.0 

HUH  #  11  (c) 


Moeativo  Ions 

*o  «35<* 

Positive 

Ions  To 

«456  P 

▼a 

▼o 

Zo 

Ta 

To 

Zo 

5.78 

0.0 

0.0 

6.02 

0.0 

0.0 

6.52 

0.8 

8.0 

7.20 

1.6 

16.0 

7.00 

3.4 

34.0 

8.50 

2.6 

26.0 

7.22 

4.1 

41.0 

8.50 

3.9 

39.0 

7.50 

6.4 

64.0 

8.90 

4.6 

46.0 

8.0C 

10.3 

103.0 

9.35 

6.2 

62.0 

8.39 

12.7 

127.0 

9.35 

9.1 

91.0 

9.05 

14.3 

143.3 

9.62 

7.4 

74.0 

9.62 

8.3 

83.0 

9.62 

9.5 

95.0 

10.20 

7.9 

79.0 

10.20 

8.9 

89.0 

10.70 

12.8 

128.0 
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TA3L3  VII 


BHJ1  #  9  -  Output  Toltage  Data  for  Step  Input 


Data  taken  from  figure  38  (a) 


Time 

(aseo) 

▼a  -ex-Ta 

(7.95^J 

0.0 

7. 

80 

16.2 

0.3 

7.00 

16.2 

1.3 

3.50 

16.2 

2.3 

1.20 

16.2 

3.3 

0.75 

15.9 

4.3 

0.45 

14.1 

5.3 

0.35 

12.3 

6.3 

0.15 

10.5 

7.3 

0.15 

8.6 

8.3 

0. 

10 

7.3 

9.3 

0.05 

6.1 

10.3 

0. 

00 

5.3 

11.3 

0. 

00 

4.1 

12.3 

3-6 

13.3 

2.9 

14.3 

2.5  1 

15.3 

2.1  | 

16.3 

!*7 

17-3 

1.5 

18.3 

1.3 

19.3 

< 

1 

0.8 

20.3 

0.6 

21.3 

0.5 

22.3 

0.5 

23.3 

0.4  | 

24.3 

0.4  1 

2-5.3 

0.3  1 

26.3 

0.3  ! 

» 
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T1BL1  mi 


BUBS  #14,  17  -  Output  Voltage 

HOT  #  34  SC  Bias  6.2 kT 

EL«  100  asgohas  T0*55°F 

for  Biased  Sine  Wave  Input 

HOT  #  17  SC  Bias  6.9  *v 

B1  «  100  aegohas  T^60°T 

Trequencjr 

Tp(p-p) 

Prequenajr 

T0  (p-p) 

9 

17.5 

9 

18.3 

11 

17.5 

10 

17.5 

13 

17.8 

10 

13.2 

15 

17.8 

11 

13.2 

30 

14.2 

11 

15.0 

60 

8.7 

12 

15.4 

100 

6.1 

15 

14.5 

120 

4.6 

20 

13.8 

140 

4.3 

25 

13.8 

160 

3.8 

30 

11.5 

200 

2.7 

40 

10.0 

250 

3.0 

60 

7.0 

100 

5.2 

300 

2.3 
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TABLE  IX 

HJN  #  16  -  EK3  Output  Voltage  Lata,  for  a  Sine  Ware  Zaput 


♦ 


^  «  50  mogohaa  T0  m. 


f 

s  10  cpa 

f 

-  25  cpa 

3 

ii 

*4 

cpa 

Va 

2.87 

T0 

0.0 

2^9 

;?o 

2.54 

:?» 

3.62 

1.2 

4.12 

1.7 

4.29 

1.3 

4.18 

3.15 

4.6 

2.6 

4.85 

2.7 

4.67 

3.45 

4.9 

3.1 

5.05 

3.1 

5.1 

3.95 

5.25 

3.18 

5.35 

3.65 

5.4 

5.0 

5.45 

4.4 

5.6 

4.25 

5.75 

5.95 

6.45 

5.7 

5.1 

6.1 

5.0 

6.0 

6.1 

5.7 

6.25 

5.4 

6.65 

7.45 

6.5 

6.55 

6.5 

6.05 

s  100  magohma 


To  -  55°r 


f 

ss  10  cpa 

f 

=  25  cpa 

f  «  40  opa 

, _ 

2.5s 

To 

0.0 

Ta 

2.89 

To 

0.0 

2.85 

2.08 

0.5 

3.53 

1.55 

4.04 

1.8 

3.42 

1.7 

3.94 

3.6 

4.23 

3.1 

3.74 

3.6 

4.1 

4.3 

4.53 

4.2 

3.87 

4.1 

5.0 

5.2 

5.1 

5.1 

4.06 

4.3 

5.3 

5.8 

5.4 

5.3 

4.27 

5.7 

5.5 

6.5 

5.7 

6.0 

4.7 

5.9 

5.8 

7.25 

6.2 

7.1 

4.95 

6.3 

6.16 

7.95 

6.6 

8.15 

5.2 

7.05 

6.44 

8.65 

5.34 

7.8 

5.54 

8.4 

5.75 

8.9 

6.22 

9.9 

6.70 

10.35 

b  200  mogohaa 

Tc 

1  =  55°r 

f 

a  10  cpa 

f 

=  25  cpa 

f  as  40 

cpa 

Ta 

To 

Va 

To 

Va 

To 

2.95 

0.0 

2.98 

0.0 

3.17 

0.0 

3.63 

1.4 

3-56 

1.6 

4.09 

1.6 

4.27 

3.0 

4.25 

2.95 

4.45 

4.2 

4.6 

4.7 

4.55 

3.95 

5.1 

5.4 

4.9 

6.2 

4.75 

4.70 

5.82 

6.2 

5.5 

7.3 

5.14 

5.70 

6.23 

7-25 

5.95 

8.8 

5.50 

6.2 

6.48 

8.25 

6.15 

9.7 

6.05 

7.55 

6.45 

10.6 

6.32 

8.55 

6.58 

9.60 
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T1B13  X 


HJH  #  19  -  HMS  Output  Voltage  Data  Tor  a  Square  War*  Input 


100  aacohma  T0  ■  6j°T 


f  s 

10  opa 

t 

■  25  cpa 

f  s  40  cpa 

▼a 

V0 

Va 

Vo 

Va  V0 

4.94- 

0.0 

5.25 

0.0 

5.15  0.0 

5.25 

1.4 

5.80 

2.05 

5.75  2.5 

5.6 

3.1 

6.30 

2.5 

6.05  3.9 

5*7 

4.35 

6.35 

4.5 

6.25  4.4 

6.25 

5.3 

6.48 

5.4 

7.35  5.6 

6.6 5 

6.25 

7.6 

6.7 

7.60 

8.45 

7.7 

7.6 

7.95 

9.80 

h.* 

50  megohms 

To  ■  63°r 

t » 

10  cpa 

t 

=  25  cpa 

f  «  40  cpa 

▼a 

Vo 

V* 

V0 

Va  V0 

505 

0.0 

5.75 

0.0 

5.3  0.0 

6.6 

2.85 

6.9 

2.5 

6.25  2.05 

7.3 

4.15 

7.25 

3.9 

6.75  3.4 

7.55 

5.25 

7.65 

4.35 

7.25  3.65 

7-95 

6.2 

7.75 

4.85 

7.5  4.0 

8.3 

7.2 

*1 

=  200  aeghoaa 

*0  «  63*r 

t  3  10  cpa 

f  a  25  epa 

f»40  cpa 

*a 

Vo 

^0 

Ta 

▼o 

4.75 

0.0 

5.05 

0.0 

5.4 

0.0 

5.15 

1.9 

5.25 

1.2 

5.55 

1.6 

5.25 

2.7 

6.15 

3.25 

6.1 

3.5 

5.3 

4.1 

6.3 

4.9 

6.5 

4.9 

5.65 

4.6 

6.55 

5.5 

6.8 

5.9 

5.95 

5.95 

6.9 

7.5 

7.5 

6.8 

6.25 

7.9 

7.55 

8.5 

7.45 

9.4 

7.75 

8.9 
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TABL3XI 

Power  Calculations 


(f =10  cpe) 

Square  Wave 

Sine  Wave 

100  msgohas 

Va 

Vo 

*0 

Va 

▼0 

*0 

4.94 

0.0 

0.0 

2.75 

0.0 

0.0 

5.20 

1.0 

0.01 

3.20 

1.0 

0.01 

5.35 

2.0 

0.04 

3.50 

2.0 

0.04 

5.55 

3.0 

0.09 

3.70 

3.0 

0.09 

5.80 

4.0 

0.16 

3.80 

4.0 

0.16 

6.15 

5.0 

0.25 

4.05 

5.0 

0.25 

6.50 

6.0 

0.36 

4.65 

6.0 

O.36 

6.85 

7.0 

0.49 

5.20 

7.0 

0.49 

7.30 

8.0 

0.64 

5.40 

8.0 

0.64 

7.70 

9.0 

0.81 

5. 80 

9.0 

0.81 

6.35 

10.0 

1.00 

Et  =*  50  aegohas 

5.40 

0.0 

0.00 

2.90 

0.0 

0.00 

6.10 

1.0 

0.02 

3.50 

1.0 

0.02 

6.40 

2.0 

0.08 

4.00 

2.0 

0.Q8 

6.75 

3.0 

0.18 

4.30 

3.0 

0.13 

7.10 

4.0 

0.32 

5.00 

4.0 

0.32 

7.40 

5.0 

0.50 

5. 40 

5.0 

0.50 

7.80 

6.0 

0.72 

5.80 

6.0 

0.72 

8.30 

7.0 

0.98 

6.35 

7.0 

0.98 

200  aegohms 

4.70 

0.0 

0.00 

2.90 

0.0 

0.00 

5.10 

1.0 

0.01 

3.50 

1.0 

0.01 

5.20 

2.0 

0.02 

3.90 

2.0 

0.02 

5.25 

3.0 

0.05 

4.30 

3.0 

0.05 

5.35 

4.0 

o.oa 

4.55 

4.0 

0.08 

5.60 

5.0 

0.13 

4.65 

5.0 

0.13 

5.7 5 

6.0 

0.18 

4.80 

6.0 

0.18 

6.10 

7.0 

0.25 

5-35 

7.0 

0.25 

6.40 

8.0 

0.32 

5.30 

8.0 

0.32 

7.10 

9.0 

0.41 

5.95 

9.0 

0.41 

6.20 

10.0 

0.50 

6.50 

10.7 

0.57 

6.70 

11.0 

0.61 
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TiBLB  XI (Continued.) 


Square  Ware 

(Tas  7*5  *▼) 


f  = 

25  opo 

f  »40 

cps 

f  » 

10  epa 

»L 

V 

*0 

*L 

Vo 

Po 

®L 

▼0 

Po 

50 

4.25 

0.362 

50 

4.00 

0.320 

50 

5,20 

0.541 

100 

7.10 

0.504 

100 

5.70 

0.325 

100 

8.50 

0.722 

200 

8.60 

0.369 

200 

6.80 

0.231 

200 

9.50 

0.451 

Sine  Wave 

(V, 

1*6.5 

kv  ) 

50 

6.55 

0.858 

50 

6.05 

0.733 

50 

7.20 

1.037 

100 

8.80 

0.774 

100 

7.83 

0.614 

100 

10.15 

1.030 

200 

9.25 

0.^28 

200 

8.30 

0.345 

200 

10.70 

0.373 
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Appandix  G 

Couplet e  Bnglnaarln*  Praying*  of  the  ffiD  Generator 

The  Generator  Aesemhly 
Generator  Body  Detail 
Noz.zle  Plate  Aeeenbljr 
Collector  Assembly 
Alternation*  and  Addition* 


1.  BK-61-D-979 

2.  HN-61-C980 

3.  RN-61-A-930-6A 

4.  HN-61-B-981 

5.  HS-62-C-1094 


133 


jg  r/f/cK/vTss 


(CAil  0»LM) 


Mares  roe  news /ops  weou/eez> 


AWWIWX.'  Ptrxi-QtiAtS. 


Part  -9BO-S  seout  »  **ap  S  Per. w/P, 

At  so  A  PAST  SBo-SA  SPOUtP  MT 
SPeetr/eP  -StM/tAH  to  J9P-JL  Bur 
out  rtfruKK  /PSreA*  oef  ’ 

Z  Ar  DPAW/P8  *P6ir3-SMt 

rwe  tot*  cau  ector  pap  to  we  Mint  r. 
cp Avers: 

A-  w/  ep/p  (sai-2  i-vop  pups  THeeuu 
t evert/  or  tvr  outer  sunt  /Pet  -/ ) 
Morrtue  AOAtvsr  r*e  ecetmCiat-^) 

S..  ail  tvreepAt  eetp-zo/vrs  arc 
euepAce  fiPAZtp  app  tmt  emn$ 
»PA*zp  zero  rut  outer  sent. 

£  tHf  jvrei/jfim i-^j  must  se  sta/vuu- 
treet  to  wetrevr  trs  yu/pee  /mom 
s/map/vo  rPJfouett  eACP  orpep 


rp/s  CMAPoes  Mere  accomauspmp  Mr  caa/a/p 
ve pee  tee  apd  it.  true  tts  e*  Pue/poimt  coves 
or  tpete  wore  tut  re  Ttte  appapatus. 


